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Abstract 
The amount of wind turbines connected to electricity grid has increased significantly in 
recent years due to the increased awareness of the environmental impacts of fossil 
energy sources. The penetration of wind generation has increased in many areas 
significantly and the power system is becoming more dependent on the operation of wind 
turbines. The stable operation of the power system must not be endangered due to the 
connection of wind turbines. Therefore, the power system operators have created grid 
codes, which determine how the wind turbines should operate during the grid 
disturbances. For example, the wind turbines should be able to remain in operation 
during the disturbances in order to prevent cascade tripping of large number of wind 
turbines. In addition, the wind turbines should be designed to inject reactive power to the 
grid to support the decreased network voltage.  
In this thesis, the operation of variable-speed wind turbines during the grid disturbances 
is studied. The main focus is on the low voltage ride-through (LVRT) of the full-power 
converter and doubly fed induction generator (DFIG) wind turbine concepts. Real-time 
simulators are utilized extensively in the research. The main research areas of this thesis 
are the operation of wind turbine synchronization during the grid disturbances, the 
operation of DFIG during symmetrical voltage dips and the feasibility of the constructed 
real-time simulation environment as well as real-time-simulator-based laboratory test 
environment for LVRT studies.  
It is revealed that the synchronization of the control system has significant impact on the 
wind turbine performance under the grid disturbances. It is also shown that the incorrect 
synchronization design may cause the wind turbine to generate DC currents to the AC 
network during the symmetrical grid voltage dip. The real-time simulation environment, 
which consists of RTDS and dSPACE real-time simulators, is constructed and its 
operation is verified against respective simulations carried out with Matlab/Simulink. The 
environment is used to represent how the reactive power injection of DFIG during the 
symmetrical voltage dip can be enhanced by using a transient flux compensation control. 
In addition, it is pointed out that the voltage recovery after the grid fault may be 
significantly delayed due to the connection of a low-resistance crowbar protection device. 
Finally, the laboratory test setup consisting of a small-scale wind turbine prototype and 
RTDS-controlled grid emulator is constructed. The performance of the laboratory setup 
is analyzed in time and frequency domains and the main performance limitations are 
revealed.  
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Nomenclature 
Abbreviations 
AC    alternating current 
AD    analogue to digital 
DA    digital to analogue 
dB    decibel 
DC    direct current 
DDSRF-PLL decoupled double synchronous reference frame – phase locked loop 
DFIG    doubly fed induction generator 
DSOGI-FLL dual second order generalized integrator – frequency locked loop 
DSOGI-PLL dual second order generalized integrator – phase locked loop 
dSPACE  real-time simulator 
DVR    dynamic voltage restorer 
EN    European Norm 
EWEA   European Wind Energy Association 
FLL    frequency locked loop 
FPC    full power converter 
FRT    fault ride through 
GE    grid emulator 
GM    gain margin 
GSC    generator-side converter 
GTAI    giga-transceiver analogue input 
GTAO   giga-transceiver analogue output 
GTO    gate turn off thyristor  
IGBT    insulated gate bipolar transistor 
LCL    inductor – capacitor – inductor  
LPF    low pass filter 
LVRT   low voltage ride through 
MCCF-PLL  multiple complex coefficient filter – phase locked loop 
MSOGI-FLL multiple second order generalized integrator – frequency locked loop 
NSC    network-side converter 
NF    notch filter 
PCC    point of common coupling 
PHIL    power hardware-in-the-loop 
PI     proportional – integral  
PLL    phase locked loop 
PM    phase margin 
  
PMSG   permanent magnet synchronous generator  
PV    photovoltaic 
PWM    pulse width modulation 
RMS    root-mean square 
RSC    rotor-side converter 
RSCAD   software for real time simulator 
RTDS   Real Time Digital Simulator 
SCIG    squirrel cage induction generator 
SDR    series dynamic resistor 
SOGI   second order generalized integrator 
SRF-PLL  synchronous reference frame – phase locked loop 
STATCOM  static synchronous compensator 
SVC    static var compensator 
SWPWM  space vector pulse width modulation 
THD    total harmonic distortion 
TUT    Tampere University of Technology 
UCTE   Union for the Co-ordination of Transmission of Electricity 
UPS    uninterruptible power supply 
VDG    voltage dip generator 
V-control  closed loop voltage control 
VC-control  closed loop cascaded voltage and current control 
WRIG   wound rotor induction generator 
WRSG   wound rotor synchronous generator 
WWEA   World Wind Energy Association 
 
 
Symbols 
 
A     wind turbine rotor swept area 
B     friction loss term, susceptance 
pc      performance coefficient 
pmaxc     maximum of performance coefficient 
dcC     DC-link capacitance 
fC     filter capacitance 
duty    duty cycle 
e     Neper number 
resf     resonant frequency 
  
swf     switching frequency 
gdc,i     generator-side DC current 
ndc,i     network-side DC current 
fI      field excitation current, fundamental frequency current RMS value 
gridi     DFIG transformer secondary current  
gsi     generator stator current  
hI      harmonic current RMS value 
L1i      network-side converter current 
L2i     filter network-side inductor current 
msi     stator magnetizing current 
nI      nominal current 
ri      rotor current 
rmaxi     current capacity of RSC 
rtfi     transient rotor current 
si      stator current 
wti     current source representing generator side converter current 
j     complex variable 
J     inertia of wind turbine system 
ik      gain of current controller 
LFk     loop filter gain 
PLLk     gain of PLL 
qk     gain of reactive power controller 
SOGIk    gain of second order generalized integrator 
tk     gain of torque controller 
udck     gain of DC-link voltage controller 
wk     gain of speed controller 
KT     constant used in torque control of grid side converter 
L     inductance 
dL     direct axis self-inductance 
LfL     sum of filter inductor inductances 
ldL     direct axis leakage inductance 
lqL     quadrature axis leakage inductance 
mL     magnetizing inductance 
  
mdL     direct axis magnetizing inductance 
mqL     quadrature axis magnetizing inductance 
qL     quadrature axis self-inductance 
rL     rotor self-inductance 
rlL     rotor leakage inductance 
sL     stator self-inductance 
slL     stator leakage inductance 
1L     converter side inductance 
2L     network-side inductance 
TFσL     transformer short circuit inductance  
n     gearbox transmission ratio 
N     generator rotor to stator turns ratio 
p     generator pole pair 
p     instantaneous active power 
acp     active power of AC side 
dcp     active power of DC side 
genp     generator active power 
netp     instantaneous active power measured from synchronizing point 
tP      wind turbine rotor power 
q     instantaneous reactive power, 90 degrees phase shift 
qu’     SOGI output voltage in quadrature-phase with input voltage 
R     rotor radius 
CfR     filter damping resistance 
crowR    crowbar resistance 
dampR    damping resistance 
dcR     DC-link chopper resistance 
LfR     sum of filter inductors resistance 
rR     rotor resistance 
sR     stator resistance 
1R     resistance of converter-side inductor 
R1    crowbar resistance 
2R     resistance of network-side inductor 
R2    crowbar resistance 
TFσR     transformer short circuit resistance  
  
s     Laplace operator 
S     apparent power 
nS     nominal apparent power  
S1    crowbar switch 
S2    crowbar switch 
et      electromagnetic torque 
gt      mechanical torque 
iT      integration time 
i_iT     current controller integration time 
i_qT     reactive power controller integration time 
i_tT     torque controller integration time  
i_udcT     DC-link controller integration time 
i_wT     speed controller integration time  
nT     nominal torque  
s_iT     sampling time of current controller  
s_qT     sampling time of reactive power controller  
s_tT     sampling time of torque controller  
s_udcT    sampling time of DC-link voltage controller  
s_wT     sampling time of speed controller  
tT     anti-windup tracking time constant 
a1u     low pass filtered a-phase voltage 
ccu     cross-coupling voltage 
ctrlu     current controller output voltage 
convu     network-side converter voltage 
dcu     DC-link voltage 
fCu     voltage over filter capacitor 
GEu     grid emulator voltage 
gsu     generator stator voltage 
inju     injection voltage 
Lfu     voltage over filter inductors 
CTRLPCC,u   control reference voltage 
ru     rotor voltage 
  
su     stator voltage 
syncu     synchronizing point voltage 
u’      SOGI output voltage in-phase with input voltage 
uˆ      voltage peak value 
U     voltage, voltage after decoupling network 
nU     nominal voltage 
U     voltage after low pass filter 
l-lV     line-to-line voltage 
tipv     blade tip speed 
wv     wind speed 
X     reactance 
L1dmaxi    maximum NSC d-axis current   
L1qmaxi    maximum NSC q-axis current   
Lmaxu    maximum voltage over filter inductors  
∆I     difference from nominal current 
∆U    difference from nominal voltage 
∆t     time difference 
ua,1θΔ    angle increment 
α     Fortesque operator 
β     blade angle 
βopt    optimal blade angle 
ε      error measure 
FLLε     average of FLL error measures 
SOGIε    SOGI error measure 
γ      gain of frequency locked loop 
θ     angle 
injθ     injection angle 
reθ     rotor electric angle 
sfθ     stator flux angle 
syncθ     angle of synchronous reference frame 
ua,1θ     estimated a-phase angle  
θΔ     transformer phase shift feedforward angle 
λ     tip speed ratio 
λ*     optimal tip speed ratio 
  
π     pi 
ρ     air density 
σ     leakage factor, leakage 
rLσ     rotor transient inductance 
ψ     flux linkage 
dψ     direct axis flux linkage 
pmψ     permanent magnet flux linkage 
qψ     quadrature axis flux linkage 
rψ     rotor flux linkage 
rtfψ     transient rotor flux linkage 
sψ     stator flux linkage 
stfψ     transient stator flux linkage 
ω      angular frequency 
ctrlω     loop filter output angular frequency 
fω     cut-off frequency of low-pass filter 
ffω     feedforward angular frequency 
injω     injection angular frequency 
msω     angular frequency of stator flux reference frame 
nω     undamped natural frequency 
rω     angular frequency of generator rotor 
reω     electrical angular frequency of generator rotor 
slω     slip angular frequency 
syncω     angular frequency of synchronous reference frame 
tω      angular frequency of wind turbine rotor 
zω     angular frequency of zero 
'ω     resonant frequency of frequency locked loop 
'ω     averaged resonant frequency of frequency locked loop 
Γ     normalized gain of frequency locked loop 
ς      damping factor 
φ     initial angle 
 
 
 
 
  
Subscripts 
 
a     phase a 
ac     alternating current 
b     phase b 
c     phase c 
cw    refers to wire capacitive susceptance 
d     refers to direct axis  
dc     direct current 
grid    refers to grid 
load    refers to load 
lw     refers to wire inductive reactance 
meas    measured value 
peak    peak value 
q     refers to quadrature axis 
rms    root-mean square 
rw     refers to wire resistance 
RTDS   refers to RTDS reference 
w     refers to wire 
x     real axis component in stator flux reference frame 
y     imaginary axis component in stator flux reference frame 
α     real component of stationary reference frame 
β     imaginary component of stationary reference frame 
+      positive sequence reference frame 
-      negative sequence reference frame 
 
Superscripts 
 
*     reference signal 
‘     reduced to stator 
g     refers to general reference frame, refers to grid 
n     refers to order number 
r     refers to rotor reference frame 
s     refers to stator reference frame 
sψ    stator flux reference frame 
+     positive sequence 
-        negative sequence 
 
 
  
Notations 
 
Im     imaginary component 
Int     interrupt signal 
Re    real component 
TF    transformer 
iλ      equation related to tip speed ratio 

  
 

1.  Introduction 
Global warming, air pollution and upcoming shortage of fossil energy resources are the 
key factors, which promote the generation of electrical energy from renewables such as 
wind or solar. As a result, the amount of wind turbine installations has increased rapidly in 
recent years. According to World Wind Energy Association (WWEA), global wind power 
capacity reached 371.559 GW at the end of 2014 from which 52.654 GW was installed 
during 2014. This capacity generates approximately 800 TWh/a, which is more than 4% 
of global electricity demand. It is fair to say that the wind energy business is global as the 
number of countries using wind energy reached 105 in 2014. WWEA has predicted that 
the global wind power capacity will increase further in future: in 2020, the capacity is 
expected to be approximately 700 GW, and the capacity of 2000 GW will be reached by 
2030. [1]  
As a result of the technology development in recent years, the size of individual turbines 
has increased: a nominal power of a state of the art wind turbine in 1989 was 300 kW with 
rotor diameter of 30 meter. [2] After ten years, many manufacturers provided 2 MW wind 
turbines, whose rotor diameter was increased to around 80 meters. Nowadays, wind 
turbines with 7-8 MW power range are available on market with rotor diameter reaching 
160 meters. [3-4] Accoring to European Wind Energy Association (EWEA), 15 MW wind 
turbines are in planning stage and 20 MW turbines are expected in the near future. [5-6] 
Utilized wind turbine concepts has also evolved: in 1980s, the mainstream concept, 
depicted in Fig. 1.1, exploited a squirrel cage induction generator (SCIG), which is directly 
connected to the grid through a step-up transformer. [4] The concept is also called as a 
fixed speed concept, because the generator rotational frequency deviates from the 
network voltage frequency only by the amount of a slip frequency. Due to the direct 
connection of the generator inductive stator to the grid, the generator consumes reactive 
power. In order to improve power factor, the capacitor banks are connected in parallel with 
the generator. A soft starter is used to decrease the inrush current of the generator during 
start-up. Benefits of the concept are low price and simple structure. However, significant 
mechanical stresses experienced by the wind turbine components and high flicker 
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emissions motivated the manufacturers to develop wind turbine concepts with the 
capability of variable speed operation. [2] 
 
Fig. 1.1. Fixed speed wind turbine concept with SCIG. 
The limited variable speed wind turbine concept, shown in Fig. 1.2, was introduced in 
1990s. Utilization of a wound rotor induction generator (WRIG) and a controllable rotor 
resistance enabled a speed range of approximately 0-10% above the synchronous speed. 
The mechanical stresses and flicker emissions are decreased, because part of the 
fluctuating power from wind is absorbed by the inertial mass of the wind turbine rotor. 
However, the efficiency of the concept is decreased as the generator slip is increased 
because the variable speed operation is achieved by dissipating energy in the rotor 
resistance. [7]  
 
Fig. 1.2. Limited variable speed wind turbine concept with WRIG. 
Next step in the development of the mainstream wind turbine technology was an addition 
of back-to-back frequency converter to the rotor circuit as shown in Fig. 1.3. In this so 
called a doubly fed induction generator (DFIG) wind turbine concept, the stator of the 
WRIG is directly connected to the grid while the rotor is connected to the rotor-side 
converter (RSC). RSC is used to control the slip and the reactive power output of the 
generator. A typical slip range is approximately from -0.3 to +0.3. A network-side converter 
(NSC) is connected to the generator stator circuit or to a tertiary winding of the wind turbine 
transformer. The main task of NSC is to maintain constant DC-link voltage. In addition, 
NSC can be used to provide reactive power during a grid voltage dip in order to support 
the grid voltage. This wind turbine concept is economically attractive, because the 
frequency converter is rated approximately to 30% of the wind turbine nominal power. [4, 
8] This implies small converter and filter sizes as well as losses. Need of slip rings and 
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complex control and protection of the wind turbine during grid faults are the main 
drawbacks.  
A market share of the DFIG concept in 2011 was approximately 50% making the concept 
to be a market leader. [6, 9] However, an inevitable use of a gearbox, slip rings and 
brushes require frequent maintenance making DFIG to be rather inconvenient for 
logistically hard wind turbine applications such as offshore wind parks. [10] 
 
Fig. 1.3. DFIG wind turbine concept. 
A full power converter (FPC) wind turbine concept is shown in Fig. 1.4. A generator-side 
converter (GSC) controls the rotational frequency of the generator, which can be either a 
wound rotor synchronous generator (WRSG), a permanent magnet synchronous 
generator (PMSG) or SCIG. NSC maintains the constant DC-link voltage and controls the 
reactive power output of the wind turbine. All generated power is transferred through the 
frequency converter. Thus, the converter needs to be rated to a whole wind turbine 
capacity, which causes increased size, losses and costs compared to DFIG design. 
However, the elimination of the slip rings and improved grid support capability are 
advantages. It is also possible to use a multipole generator, which decreases the size of 
the gearbox or even eliminates the need of it. Due to the location of the frequency 
converter, the stator of the generator is decoupled from the grid. This is a significant benefit 
considering the operation during grid faults. The better controllability, increased reliability 
and compliance to the more demanding grid codes in future are the key factors, why it is 
anticipated that the FPC concept will take over the wind turbine markets in the future. [4, 
6]  
 
Fig. 1.4. FPC wind turbine concept. 
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1.1 Background 
1.1.1 Grid codes 
In the beginning of the utilization of wind energy for electricity generation, the number of 
wind turbines connected to the grid was small. Due to a low penetration of the wind 
generation, a sudden loss of an individual wind turbine or even wind farm did not endanger 
the power system stability. In other words, the loss of wind generation was compensated 
by increasing the active power generation of other generators in the grid. As mentioned 
earlier, the wind turbines during the early stages of wind power utilization consisted of 
SCIGs connected directly to the grid. During a grid fault, it was reasonable to disconnect 
the wind turbine from the grid in order to protect the wind turbine prime mover and to avoid 
the grid voltage instability during voltage recovery caused by the induction machines. [11]  
As the penetration of the wind generation increases in many areas to a significant level, 
the power system becomes more dependent on the operation of the wind turbines. If a 
cluster of wind turbines operating at nominal power is suddenly disconnected from the grid 
as a result of the grid fault, the loss of active power generation may be significant enough 
to endanger the power system stability. This was seen on 4th of November 2006 in the 
UCTE disturbance, which began from overloading of transmission line and escalated due 
to the sudden disconnection of significant amount of distributed generation including wind 
generation. At the end of the day, more than 15 million European households suffered 
from the interruption of electricity supply. [12-13]  
The increased wind penetration should not endanger the power system stability. Thus, the 
power system operators of different countries have created grid codes, which determine 
how wind turbines should operate during the steady state and grid disturbances. As an 
example of the operation during the disturbance, the grid code of E.ON Netz regarding the 
symmetrical voltage dips are illustrated in Fig. 1.5a. [14] The wind turbines are not allowed 
to disconnect if the grid voltage exceeds a pre-defined limit in order to prevent the cascade 
tripping of large number of wind turbines. In other words, the wind turbines should have a 
low voltage ride-through (LVRT) capability. In addition, it is required that the wind turbines 
should be able to inject reactive current during the fault in order to support the violated grid 
voltage. The wind turbines should inject nominal reactive current if the voltage is lower 
than 50% of the nominal value as can be seen from Fig. 1.5b. [14] In addition, the grid 
codes typically instructs how the wind turbine should contribute to the power system 
voltage and frequency control. [2,15-19] 
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Fig. 1.5. E.ON Nezt grid code: a) LVRT requirement, b) reactive current injection / absorption 
during abnormal network voltage. 
1.1.2 Low voltage ride-through of variable speed wind turbines 
In this thesis, LVRT and reactive power injection capability is assessed for the DFIG and 
FPC wind turbine concepts. The response to the grid voltage dip is different between the 
concepts. In FPC design, the generator is hidden behind the frequency converter so the 
generator itself does not directly recognize the dip. However, in case of DFIG, the direct 
connection of the generator stator to the grid complicates the controlling of DFIG during 
the grid faults. 
1.1.2.1 FPC wind turbine 
When the FPC wind turbine is subjected to the deep grid voltage dip, the active power 
generated from the wind cannot be transferred into the grid as a whole. As a consequence, 
the generated power, which is not transferred into the grid, is stored into the DC-link of the 
frequency converter causing the DC-link voltage to increase. This may damage the DC-
link capacitor or converter switching components without any countermeasures.  
One possible solution to avoid the damage is the use of a very large capacitor or to install 
a battery-based uninterruptible power supply (UPS) in the DC-link, which absorbs the 
imbalance energy. However, an energy storage that should be installed in megawatt class 
wind turbine would be extremely large making the solution to be impractical and expensive. 
[20-24] It is also possible to oversize the NSC in order to increase the current and power 
transfer capability to the grid. However, this would increase costs of the converter and still 
the expensive energy storage needs to be installed to the DC-link for the case of a very 
deep voltage dip. [20-21, 25] Thus, a typical way to obtain the LVRT capability is to install 
a braking chopper to the DC-link. When the DC-link voltage exceeds a pre-defined limit, 
the braking chopper is activated and the excess energy is dissipated in a chopper 
resistance. [25-27] The drawback of this solution is the generated heat during a deep and 
long lasting voltage dip, especially, in case of megawatt class wind turbines. [20] 
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The LVRT capability is enhanced if a combination of the braking chopper, an intelligent 
GSC control and a pitch control is used. [25, 28-29] When the voltage dip is sensed, GSC 
may reduce the generator active current reference (generator torque) or set it to zero. [30] 
When the generator electrical torque is reduced, more kinetic energy from the wind is 
stored into the rotating mass of a wind turbine rotor causing the rotor to accelerate. The 
duration of the voltage dip is usually in the range of some hundreds of milliseconds. 
Because the inertia of the rotor is significant, the speed of the rotor does not increase 
notably. [31] However, during long lasting voltage dips, the pitch control can be used to 
reduce the power extracted from the wind in order to avoid rotor over-speeding. After the 
voltage dip is detected, the relatively slow pitch control can be turned into an emergency 
mode, where the rate of increase of the pitch angle is maximized [26]. Based on the 
discussion above, it can be stated that the FPC wind turbine can be protected from the 
detrimental effects, which appear due to the grid voltage dip. [29]  
The grid codes regarding the reactive power injection during the voltage dip can be fulfilled 
by controlling the NSC reactive current reference to capacitive. The reactive current 
injection can be started as soon as the decrement of the grid voltage or its positive 
sequence component is detected. In addition, the capability of NSC to generate positive 
sequence reactive currents is dependent on how accurately NSC is able to extract the 
angle of the positive sequence voltage component. The detection of the positive sequence 
voltage magnitude and angle is done in the synchronization system of NSC. Thus, it can 
be stated that the dynamic response and quality of the generated currents during the grid 
disturbances are greatly dependent on the synchronization method used by the control 
system of NSC. [32-33] 
The target of the synchronization system is the fast detection of the magnitude and angle 
of the fundamental frequency positive sequence grid component. Because the positive 
sequence component is a symmetrical component, the control reference frame rotates 
with a constant frequency. A simple way to determine the phase angle of the grid voltage 
is based on observing zero crossings of the grid voltage. A drawback of this 
synchronization method is that it cannot follow changes in the grid voltage angle in 
between the zero crossings. As a result, the phase tracking is slow leading to poor dynamic 
response. [34-35] More popular method is a synchronous reference frame – phase locked 
loop (SRF-PLL), where a frequency adaptive phase angle is attained utilizing a Park-
transformation and loop filtering in a synchronous reference frame. A drawback of this 
method is the poor performance under the grid voltage harmonics and asymmetry, if high 
loop filter gain is selected to obtain satisfactory dynamic performance. [33, 36-37] 
More advanced synchronization methods include specific circuit for cancelling the impact 
of negative sequence voltage from the synchronizing angle and magnitude. In a decoupled 
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double synchronous reference frame – phase locked loop (DDSRF-PLL), a decoupling 
network is used to cancel the impact of the negative sequence component from the 
positive sequence component estimation. [38] A dual second order generalized integrator 
– PLL (DSOGI-PLL) utilizes adaptive bandpass filtering and the theory of instantaneous 
symmetrical components to provide the positive sequence component. [39] Complex filters 
provide cancelling of selected harmonic components in addition to the negative sequence 
fundamental component from the grid voltage in a multiple complex coefficient filter PLL 
(MCCF-PLL). [40] The synchronization to the positive sequence grid voltage component 
is done by using SRF-PLL in the above mentioned methods. [38-40]. The synchronization 
methods using complex PLL and complex coefficient filters are presented in [41] and [42]. 
In the SOGI-based synchronization methods, the tuning of the bandpass filter resonant 
frequency can be carried out with a frequency locked loop (FLL) instead of PLL. The grid 
frequency is more stable variable than the grid angle. Therefore, the transient operation of 
FLL is smoother in nature compared to PLL. Typical FLL-based grid synchronizing 
methods are DSOGI-FLL [43-44] and multiple SOGI-FLL (MSOGI-FLL) [45]. MSOGI-FLL 
can remove specific harmonics in addition to the negative sequence fundamental 
component from the grid voltage.  
1.1.2.2 DFIG wind turbine 
The LVRT capability is more challenging task for the DFIG wind turbine than for the FPC 
wind turbine. The reasons are the lower rated converters and the direct connection of the 
generator stator to the grid. The voltage dip in the generator stator terminals causes high 
voltages to a rotor circuit due to a stator transient or natural flux as will be explained in 
Section 4.4.1. [46] The rotor voltages may exceed a level, where the rotor currents cannot 
be controlled and limited by using RSC. Thus, an insulated gate bipolar transistor (IGBT) 
based switches of RSC can be damaged due to over-currents caused by the voltage dip 
without any protection measures. [46-48]  
One possibility to enhance the LVRT capability is to oversize the RSC voltage and current 
ratings. However, this solution is contradictive to the main benefit of DFIG, which is the 
small sized converters. [49] During a severe voltage dip, the RSC switches are typically 
blocked and an external resistor is connected to the rotor circuit in order to decrease the 
rotor currents and protect the converter. [48] This protection approach is known as a 
crowbar protection.  
The crowbar protection can be categorized into passive and active methods. The passive 
crowbar is based on thyristor switches as shown in Fig. 1.6a. The crowbar protection is 
activated, when the rotor currents or the DC-link voltage exceed the trigger level by turning 
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on the thyristors. After the firing of the thyristors, DFIG continues its operation as an 
induction generator with the increased rotor resistance. The crowbar remains connected 
as long as the main circuit breaker disconnects DFIG from the grid. [50] The disconnection 
of the wind turbine in case of the grid fault is significant disadvantage and against the grid 
codes.  
The active crowbar shown in Fig. 1.6b utilizes typically IGBT [51] or gate turn-off (GTO) 
[52] thyristor switches in order to make the crowbar to be controllable. [53] The crowbar 
protection can be implemented also by utilizing antiparallel thyristors with the external 
resistance as shown in Fig. 1.6c. [54] The main disadvantage of the crowbar protection is 
the inability to control RSC during the operation time of the crowbar activation. [55-57] 
However, the active crowbar can be disconnected after the rotor currents and voltages are 
reduced enough to allow the current control by using RSC. Thus, the wind turbine is able 
to ride-through the fault without disconnection. In addition, it can inject reactive current to 
the network after the crowbar deactivation. NSC can controlled to inject reactive current to 
the network during the whole time of the fault.  
a) b)  
c)  
Fig. 1.6. DFIG wind turbine: a) passive crowbar protection, b) active crowbar protection with diode 
bridge, c) active crowbar protection with antiparallel thyristors. 
An alternative DFIG protection method contains only the DC-link braking chopper. [49, 58] 
The rotor currents are allowed to flow to the DC-link during the voltage dip and the chopper 
prevents the DC-link overvoltage. In order to handle the increased rotor currents, anti-
parallel diodes of RSC may need to be oversized. [49] A LVRT method can also be based 
on a series dynamic resistor (SDR) installed in the rotor circuit. [57] A drawback of the 
solution is the losses associated to a power electronic bypass switch. [57] In a LVRT 
method proposed in [59], the crowbar is connected after the voltage dip, while RSC is 
connected in parallel with NSC. Hence, both RSC and NSC can inject reactive current 
9 
 
during the voltage dip. A drawback of this solution is the uncontrollability of the wind turbine 
due to the crowbar connection.  
A more expensive and complex solution to attain the LVRT capability is based on dynamic 
voltage restorer (DVR), which is a voltage source converter connected in series with the 
grid. [60] Also a shunt reactive power compensator such as a static synchronous 
compensator (STATCOM) or a static var compensator (SVC) can be used to minimize the 
voltage drop at the generator stator terminals. Thereby, the operation of DFIG during the 
voltage dip is enhanced. [61-62]  
It is stated in [56] and [63] that the LVRT capability can be obtained using intelligent control 
strategies without using any external protection circuits such as the crowbar or DC-link 
chopper. In both references, the measured stator currents are set as references to a rotor 
current controller. It is reported that the stator and rotor windings overcurrents are 
prevented with the control method. However, a stator to rotor turns ratio in the generator 
in the experimental setup is one in [56], which makes the rotor voltages low enough to 
allow the current control of the RSC during the fault. It is concluded in [63] that RSC may 
not be able to control the rotor currents during the voltage dip, if the stator to rotor turns 
ratio is selected to 1/3, which is typical ratio in wind turbines due to the desire of low losses. 
Generally, it seems to be hard to implement a LVRT strategy for DFIG without additional 
resistance (e.g. crowbar or DC-link chopper) with normally rated RSC. [55]  
The operation of DFIG during deep unsymmetrical voltage dip is challenging due to high 
rotor voltages caused by the negative sequence grid voltage component. The high rotor 
voltages may prevent the current control of RSC. Taking into account that the negative 
sequence voltage remains in the network throughout the fault duration the crowbar may 
need to be connected and, as a consequence, RSC may need to be blocked for the whole 
fault period. [64-65] Thus, the generator cannot be controlled during the severe 
unsymmetrical fault.  
1.1.3 Utilization of real-time simulators in wind turbine LVRT studies 
Understanding interactions between wind turbines and grid becomes essential as the 
number of installed wind turbines increases. [7, 66-68] The interactions appear in wide 
variety of time scales. Switching of the wind turbine converters appears in the time scale 
expressed using microseconds. On the other hand, the impact of fluctuating wind speed 
on the power system operation and control appears on the time scale from seconds to 
hours. If a transient offline simulator such as Matlab Simulink or PSCAD is used, the 
simulation of the interactions may become very time consuming. The simulation time can 
be decreased if the accuracy of a wind turbine model is decreased or a network model 
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representation is reduced. However, the decrement of the modeling accuracy may impair 
the utilization of the model to control system design or power system analysis. [69] 
Real-time simulators such as Real Time Digital Simulator (RTDS) or dSPACE enable fast 
simulation of complex models in real-time thanks to their great computational power. A 
significant benefit of using the real-time simulators is the possibility to use real devices 
such as protection relays [29, 70-71], controllers [72-74], electric machines [75], power 
sources [76], energy storages [69] or real-time measurements as a part of the simulations 
[77]. RTDS is an electromagnetic transient simulator specifically designed for the power 
system simulation. It is utilized in wind turbine related studies mainly due to decreased 
simulation time [61, 78-80]. dSPACE is typically used as a simulation platform for control 
system implementations. [81-85] It runs automatically code based on Matlab Simulink 
model and provides a possibility for online parameter changing and monitoring.  
The simulation step size in real-time simulations is fixed and the simulation accuracy 
increases as the step size decreases. However, if the complexity of the simulation model 
increases significantly, the simulation step size may need to be increased in order to avoid 
overrun, where the actual execution of the model exceeds the simulation step size. This 
may force to decrease the complexity and size of the model. However, the accuracy and 
size of the real-time simulated model can be increased significantly if an interconnection 
of real-time simulators is used. [66, 69, 86] For example, a combined real-time simulation 
environment constructed using RTDS and dSPACE enables simultaneous use of accurate 
grid and wind turbine or active power filter models due to the sharing of the computational 
power between two simulators. [29, 66-67, 86-88] The extend of the grid model depends 
on the number of RTDS processor cards and computational power of them, while the 
complexity of the wind turbine or filter model is dependent on the computational power of 
dSPACE. 
1.1.4 Testing of wind turbine LVRT 
Control features of wind turbines during the grid disturbances are typically designed by 
using offline or real-time simulations. However, the practical operation of the control 
functions should be comprehensively tested in a laboratory before the installation of the 
wind turbine [89]. For that purpose, a voltage dip generator (VDG) to operate as a grid 
emulator (GE) is needed to generate faulted voltages to a point of common coupling (PCC) 
of the laboratory wind turbine. 
Considering only voltage dips, four different types of VDGs shown in Fig. 1.7 are typically 
used in testing of the LVRT capability of wind turbines. The VDG types are implemented 
by using a generator, a shunt impedance, a transformer or a power electronic converter 
11 
 
[90]. The main drawback of the generator-based VDG is the possibility to generate only 
symmetrical dips. In addition, the rate of decrease of voltage is too slow to represent 
realistically the grid voltage dip. The shunt-impedance-based VDG can be used to 
generate different kinds of voltage dips (1-phase, 2-phase, 3-phase). Tests of megawatt 
class DFIGs with the shunt impedance VDG are reported in [91-93]. A drawback of the 
shunt impedance VDG is the need of adjustable inductors and a lack of controllable 
generation of harmonics. The transformer-based VDG provides no savings in the amount 
of power electronic switches compared to the converter-based solution. The converter-
based VDG provides possibility to emulate symmetrical and unsymmetrical voltage dips, 
voltage harmonics as well as voltage swells and flicker. In addition, only the converter-
based emulator is able to generate rapid frequency deviations. [90]  
 
Fig. 1.7. Voltage dip generators: a) generator based, b) impedance based, c) transformer based, 
d) converter based. [89-90]  
Although the performance of protection and control functions during the voltage dips can 
be tested from the wind turbine viewpoint, the impacts of the wind turbine operation to the 
power system operation cannot be investigated by using only the aforementioned VDGs. 
However, these impacts can be analyzed if, for example, a power system real-time 
simulator is included into the laboratory test setup. This type of environment, where real 
power is transferred through a tested device interconnected to the real-time simulation, is 
called as a power hardware-in-the-loop (PHIL) simulation environment. [94-95]  
The PHIL test environment provides significant benefits from wind turbine manufacturer 
point of view. It is possible to test the grid code compliance and new or project specific 
control features by using a replica hardware of a nacelle of the wind turbine with increased 
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amount of measurements, which are useful in a performance validation process. In 
addition, weather and grid conditions do not have impact on the tests, which is often not 
the case in the tests carried out in-field. Furthermore, the measurements carried out by 
using the PHIL test bench are reproducible in contrast to field tests due to pre-selectable 
initial conditions. [96]  
1.2 Research scope 
This thesis focuses on the operation of the FPC and DFIG wind turbines during the grid 
disturbances. One of the main objectives is the extensive utilization of the real-time 
simulators in the research. The utilization is carried out in two stages. In the first stage, a 
real-time simulation environment is constructed at TUT laboratory by interconnecting 
RTDS and dSPACE simulators. In the second stage, the real-time environment is 
extended to PHIL environment, which includes a wind turbine laboratory prototype and 
converter-based GE.  
Due to tremendous number of publications in the area of fault ride-through (FRT) of the 
variable speed wind turbines, the scope of this thesis is restricted to specific contributing 
investigations in the following research areas: 
• FPC wind turbine LVRT and grid synchronization 
• DFIG wind turbine LVRT 
• real-time simulation environment for wind turbine LVRT studies 
• RTDS-driven PHIL environment for wind turbine FRT studies 
As mentioned above, the DFIG crowbar protection needs to be connected for a whole fault 
duration under severe unsymmetrical voltage dip. Because DFIG cannot be controlled 
during the time of crowbar connection, this subject is excluded from the scope of this thesis.  
1.3 Research motivation and objective 
FPC wind turbine LVRT and grid synchronization 
The FPC wind turbine FRT capability has been investigated comprehensively in a literature. 
[26-27, 29, 33, 97] Due to the decoupling between the generator stator and the grid, this 
capability is reported to be straightforward to implement. [29] The performance of the wind 
turbine during the grid disturbances and the capability to give the voltage support by 
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injecting reactive current to the network is strongly related to the performance of the 
synchronization of the NSC control system. For example, if the synchronization is tuned 
to have a slow response, NSC is able to generate sinusoidal currents also during the grid 
disturbances and under network voltage harmonics. However, too slow operation has 
adverse effects. At first, the injection of the reactive power is delayed after the voltage dip 
due to the slow detection of the magnitude of the grid voltage positive sequence 
component. Secondly, the removal of the reactive power injection during a voltage 
recovery is delayed, which may cause unnecessary grid over-voltages especially in weak 
and light loaded networks. [98] Thus, it can be concluded that correct tuning of the 
synchronization is of great importance and it is one of the main objectives of this thesis. 
A comparison of different synchronization methods has been carried out without clear 
information about the tuning parameter selection in [99] and [100] or with certain justified 
tuning parameters in [33]. The impact of the parameter selection is investigated more 
comprehensively in [41]. In the scope of this thesis, the objective is to analyze the 
performance of SRF-PLL, DDSRF-PLL and DSOGI-FLL during symmetrical and 
unsymmetrical voltage dips as well as under the presence of network voltage harmonics. 
Other NSC synchronization methods are excluded from the scope of this thesis. The 
research question is how the tuning of the synchronization methods affects the waveform 
of the output currents during the disturbances. This subject is analyzed in Investigation 2. 
A structure and an operation principle of DDSRF-PLL are presented in detail in [38, 99-
100]. A more advanced version of DDSRF-PLL is presented in [33] where the impact of a 
network voltage magnitude on the PLL control bandwidth is eliminated by using a gain 
normalization. This thesis extends the analysis of the advanced DDSRF-PLL structure. It 
is revealed that the synchronization method may operate hazardously, when it is subjected 
to a deep symmetrical voltage dip with certain tuning parameters. The malfunction is 
analyzed in detail and a solution to counteract the problem is provided in Investigation 1. 
DFIG wind turbine LVRT 
The operation of DFIG during the grid faults is different compared to FPC design due to 
the direct coupling of the generator stator to the grid. The requirements related to operation 
of NSC synchronization remain also for the DFIG wind turbine. However, the interactions 
between the grid voltage and WRIG characterize the DFIG response to the grid voltage 
dip significantly.  
During the crowbar connection after the symmetrical voltage dip, the operation of WRIG 
cannot be controlled and it continues its operation as an induction machine with the 
increased rotor resistance. The active and reactive powers of the induction generator 
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depend on rotor speed, terminal voltage and rotor (crowbar) resistance. The rotor 
resistance determines the steepness of the generator slip-active power and slip-reactive 
power curves. [48] The smaller the resistance is the steeper are the curves. Thus, selection 
of small crowbar resistance leads to high rotor and grid currents, torque stresses and 
active power spikes as a result of the voltage dip. However, if too high crowbar resistance 
is selected the rotor voltages may become high enough to damage the rotor winding 
insulation. Furthermore, the rotor currents start to flow to the DC-link of the frequency 
converter through antiparallel diodes if the rotor voltages exceed the DC-link voltage. [101] 
This may damage the DC-link capacitor without any countermeasures. 
The proper crowbar resistance selection depends on the generator parameters, and 
therefore, generic optimal resistance value cannot be defined. However, a range of 
proposed resistances in a literature is very wide. For example, the crowbar resistances 
sized in the middle of values 0.05 pu - 0.5 pu are reported in [48, 59, 101-102]. Crowbar 
resistances from 1 to 20 times the rotor resistance are proposed in [103-104].  
The rotor currents tend to rise also during the voltage recovery which, depending on the 
protection strategy, may re-activate the crowbar protection. [48, 55, 105] If a small crowbar 
resistance is selected, the absorbed reactive current to magnetize the generator during 
the voltage recovery is significant due to the steep slip-reactive power curve. This may 
delay the voltage recovery and cause even a short-term voltage instability, especially in 
weak networks, if no reactive power sources such as STATCOM or SVC is installed near 
the wind turbine or wind farm. [11, 106] Thus, it is highlighted in [107] that the crowbar 
activation during the voltage recovery represents a worst case scenario from the grid 
viewpoint and it should be avoided. In a LVRT method proposed in [107], the crowbar is 
used in protection against the over-currents during the voltage dip but the DC-link chopper 
is used during the voltage recovery.  
The operation of the active crowbar equipped DFIG during the network voltage recovery 
has received only limited amount of attention in literature [107]. Thus, the issue with the 
impact of crowbar resistance selection is analyzed in Investigation 5. In the Investigation 
5, the aim is to find a solution to allow the crowbar connection also during the voltage 
recovery.  
The grid codes require that wind turbines should generate reactive current to support the 
network voltage during the voltage dip. This is possible only after disconnection of the 
active crowbar. Whether or not DFIG is able to generate the maximum available reactive 
current during the voltage dip depends on the control strategy of RSC during the fault. 
[108] The idea of generating a demagnetizing current using RSC during the fault to oppose 
the stator transient flux, which is the root cause of the rotor overcurrent problem, was 
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originally presented in [109]. It is pointed out that the DFIG is able to ride through the 
symmetrical fault without the need of the crowbar activation. However, due to the fact that 
the rotor voltages and currents are very high, when the voltage dip occurs with worst case 
initial conditions, RSC needs to be considerably overrated. Therefore, this solution is not 
typically applicable. The idea of generating demagnetizing currents using RSC was further 
developed in [55], where the LVRT strategy contains two stages, which are the active 
crowbar protection and the demagnetizing current generation.  
In this thesis, the impact of the transient flux during the symmetrical voltage dip on DFIG 
operation and the two stage LVRT strategy is analyzed in detail. New way to extract the 
transient stator flux component is proposed, which utilizes theory from the NSC 
synchronization section of this thesis. The LVRT method, which is capable to inject 
maximum available reactive current during the symmetrical fault, is presented in 
Investigation 4. 
Real-time simulation environment for wind turbine LVRT studies 
One objective of this thesis is the utilization of real-time simulators in the wind turbine 
LVRT research. A combined simulation environment, which contains RTDS for the power 
system simulation and dSPACE for the wind turbine model simulation, is constructed and 
extensively utilized in this thesis. The combined real-time simulation environment is 
beneficial from the wind turbine LVRT viewpoint, because both the grid and wind turbine 
operation can be studied with accurate and flexible models in reasonable time. 
Similar environment was first time used in the study of the grid impacts of a FPC wind 
turbine in [66]. However, the simulation results were presented and analyzed only from the 
power system point of view. In addition, no verification of the real-time model was 
presented in [66]. The aim of this thesis is to extent the analysis to cover also the behavior 
of the wind turbine in addition to the power system operation. The verification of the 
environment is carried out in Investigation 3. The real-time environment is also 
implemented for DFIG at the first time to the best of author’s knowledge in this thesis. The 
environment is utilized in the DFIG LVRT studies in Investigations 4 and 5. 
RTDS-controlled PHIL environment for wind turbine FRT studies 
In several PHIL applications [76, 96, 110-111], the simulation of the power system is 
carried out by using RTDS. The RTDS-simulated PCC voltages can be generated by using 
a motor-generator combination, whose drawback is a slow response for the wind turbine 
transient operation studies. [110] The PHIL system for testing the operation of a 
photovoltaic (PV) inverter is presented in [76]. However, the presented GE was not able 
to generate unbalanced voltages. The PHIL environment can be constructed also at 
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megawatt power level. [96, 111] In Ref. [111], the PCC voltages are not controlled, which 
means that the measured voltages do not follow the references as the operation point of 
the wind turbine changes. Thus, the test setup is effective only for the wind turbine control 
functions tests, but the impact of wind turbine to the grid operation cannot be reliably 
studied. The operation point of the tested system can be taken into account if the GE 
output voltages are closed-loop controlled [112]. However, the performance of the GE is 
investigated by using a purely resistive load in [112]. 
In this thesis, the RTDS/dSPACE –environment is extended to PHIL environment, where 
FPC-based GE gets its reference voltages from RTDS and the small scale wind turbine 
laboratory prototype is controlled by using dSPACE. An inexpensive commercial 
frequency converter is configured to operate as GE. The grid emulator controls the 
prototype wind turbine PCC voltages based on the RTDS simulation. Simultaneously, the 
PCC currents are measured and transferred to the RTDS simulation. The impact of 
different network topologies, parameters and disturbances on the operation of the 
prototype can be effectively studied. In addition, the impact of the wind turbine operation 
on the network operation can be similarly investigated. The research question is how well 
GE can generate the PCC voltages determined by the RTDS model. The performance of 
GE during the steady state is compared in open- and closed-loop voltage-control modes 
by using frequency response measurements. Measurement of the frequency response of 
the positive and negative sequence voltage components is analyzed in Investigation 6. 
Time domain measurements under network symmetrical and unsymmetrical voltage dips 
are carried out to assess the transient performance of GE in Investigation 7.  
1.4 Scientific contributions 
The main scientific contributions of this thesis can be summarized as follows:  
1. A performance comparison of three synchronization methods during the grid 
disturbances. The synchronization methods under investigations are SRF-PLL, 
DDSRF-PLL and DSOGI-FLL. The impact of network voltage symmetrical and 
unsymmetrical dips as well as voltage harmonics to the synchronization 
performance is analyzed with respect to controller tuning. In addition, it is shown 
how the FPC wind turbine may generate DC-currents during the symmetrical 
voltage dip if the synchronization is improperly designed. Re-design of the 
synchronization system to avoid the DC current generation is presented. 
2. Development of the real-time simulation environment for wind turbine and grid 
interactions studies. The environment consists of RTDS and dSPACE real-time 
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simulators. The performance of the real-time environment is verified against offline 
simulations carried out using Matlab Simulink. With the environment, the operation 
of the enhanced on-fault control of the DFIG wind turbine is tested with decreased 
simulation time. It is shown that the transient flux compensation control enables 
the maximum reactive power support by the wind turbine without a fear of repetitive 
crowbar activation. In addition, the quality of a generated power improves. 
Furthermore, it is revealed that the utilization of too small crowbar resistance may 
lead to delayed grid voltage recovery.  
3. An extension of the real-time simulation environment and construction of PHIL 
laboratory test setup for the wind turbine prototype. The environment contains 
dSPACE and RTDS real-time simulators, the wind turbine prototype as well as 
converter-controlled GE. The performance of GE is analyzed in time and frequency 
domains and the main performance limitations are revealed. It is shown that the 
design of the wind turbine prototype has impact on the GE performance in addition 
to the design of the emulator itself. This may not be recognized in the studies, 
where the performance of GE is investigated by using only a purely resistive load 
as in [112]. 
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1.6 Thesis outline 
The rest of this thesis is organized as follows: 
Chapter 2 presents the wind turbine and the control system models used in the thesis. In 
addition, the mathematical background of the synchronization methods is presented. 
Chapter 3 deals with the synchronization of the control system of NSC. Special attention 
is paid to the operation of DDSRF-PLL during the symmetrical voltage dip. It is shown that 
DDSRF-PLL may operate harmfully from the power system point of view, if certain PLL 
tuning parameters are used. The problem description and a solution to avoid the problem 
is presented in Investigation 1. 
A comparison and performance evaluation of SRF-PLL, DDSRF-PLL and DSOGI-FLL 
under the grid disturbances is carried out in Investigation 2. The aim is to show how a 
tuning parameter selection impacts the performance of the synchronizing methods. The 
results are compared against the theory expressed in Chapter 2. 
Chapter 4 presents the combined real-time simulation environment implemented by using 
RTDS and dSPACE real-time simulators for a FPC wind turbine. The hardware 
arrangement of the simulation system is presented and the simulation results are verified 
against the offline simulations carried out by using Matlab Simulink in Investigation 3.  
The real-time simulation environment is constructed also for a DFIG wind turbine model. 
The real-time model is used to study and analyze the impact of the transient flux 
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compensation control during the symmetrical voltage dip in Investigation 4. The operation 
of the DFIG wind turbine with the crowbar protection during the voltage recovery is 
analyzed in Investigation 5 with the real-time model. 
Chapter 5 presents the extension of the real-time simulation environment to PHIL 
environment. The laboratory test setup for a wind turbine prototype is described and the 
detailed analysis of the GE performance is carried out. An analysis of positive and negative 
sequence frequency response measurements is carried out in Investigation 6 with 
performance evaluation of GE in a frequency domain. Investigation 7 contains the transient 
performance assessment of GE by using time domain measurements. 
Chapter 6 concludes the thesis and proposes future research topics. 
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2. Wind turbine models 
In this chapter, the mathematical background of the FPC and DFIG wind turbine models 
as well as the control systems of GSC, RSC and NSC are presented. In addition, NSC 
synchronization methods under research are presented. 
2.1 FPC wind turbine 
The full power wind turbine was illustrated in Fig. 1.4. The wind turbine rotor extracts kinetic 
energy from wind and converts it into rotational energy of a rotor shaft. A gearbox between 
the wind turbine rotor and the generator is used to increase rotational speed of the shaft 
to be suitable for the generator, which is PMSG in this thesis. The electrical power from 
the generator is rectified into the DC-link with help of IGBT-based GSC. Then, NSC feeds 
the power to AC grid. A step up transformer is used to increase the voltage suitable to the 
grid. 
2.1.1 Wind turbine rotor 
A rotor model is based on an equation, which describes the power extraction of the rotor 
from the wind [113] 
( ) 3wpt ,2
1 vcAP βλρ= ,                       (2.1) 
where tP  is the wind turbine rotor power, A is a rotor swept area, ρ  is an air density, pc
is a performance coefficient, λ  is a tip speed ratio, β is a blade angle and wv  is wind 
speed. The tip speed ratio is defined as a ratio between the blade tip speed tipv  and the 
wind speed and it can be given as [113] 
w
t
w
tip
v
R
v
v ωλ == ,                         (2.2) 
where tω  is the angular frequency of the rotor and R  is a rotor radius. 
The performance coefficient is defined as a ratio between the wind turbine rotor power and 
the power of the wind. The performance coefficient as a function of the tip speed ratio with 
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a zero blade angle is shown in Fig. 2.1. An algebraic equation of the performance 
coefficient as a function of the tip speed ratio and blade angle can be given as [2]  
( ) 



−




−−−=
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14.2
i
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4.18exp2.13002.058.015173.0, λββλβλc ,        (2.3) 
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Fig. 2.1. Performance coefficient as function of tip speed ratio.  
It can be noticed from Fig. 2.1 that there exists an optimal tip speed ratio which maximizes 
the power generation from the wind. In other words, the wind turbine must be able to 
modify its rotational frequency as the wind speed changes in order to maximize the 
electricity generation. 
2.1.2 Drive train 
The transmission ratio n  of an ideal gearbox model is defined as a relation between the 
angular frequencies of the generator rotor rω  and the wind turbine rotor 
t
r
ω
ω
=n .                           (2.5) 
An equation of motion determines whether the turbine rotor accelerates, decelerates or 
operates with constant speed. In mathematical terms, the equation of motion is defined as 
[114] 
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reg
r '
d
d' ωω Btt
t
J −+= ,                      (2.6) 
where 'J  is total inertia of the wind turbine system reduced to the generator shaft, gt  is 
mechanical torque reduced to the generator shaft, et  is electromagnetic torque, which is 
negative in generator operation, and 'B , which is reduced to the generator shaft, takes into 
account the losses proportional to the rotational speed (e.g. friction).  
2.1.3 Permanent magnet synchronous generator 
PMSG is modeled in a rotor reference frame, and its direct and quadrature axis equivalent 
circuits are presented in Fig. 2.2.  
 
Fig. 2.2. Equivalent circuit for PMSG. 
Stator voltage components of PMSG in the rotor reference frame can be given as follows 
[115] 
qre
d
dgs,sdgs, d
d ψωψ −+=
t
iRu  ,                    (2.7) 
dre
q
qgs,sqgs, d
d ψωψ ++=
t
iRu  ,                   (2.8) 
where sR  is stator resistance, gs,du  and gs,qu  are stator voltage components, gs,di  and 
gs,qi  are stator current components, dψ  and qψ  are stator flux linkage components and 
reω  is generator electrical angular frequency. The stator flux linkages can be given as [103] 
( ) pmdgs,dfmddgs,mdldd ψψ +=++= iLILiLL ,               (2.9) 
( ) qgs,qqgs,mqlqq iLiLL =+=ψ ,                     (2.10) 
where dL  and qL  are stator self-inductances, ldL  and lqL  are leakage inductances, mdL  
and mqL  are magnetizing inductances and pmψ  is flux linkage of the permanent magnets. 
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Term pmψ  is modeled using a constant current source fI . In practice, the current fI  does 
not flow in the permanent magnets but it can be used to describe the flux linkage for 
modeling purposes. [116] If Eqs. (2.7) - (2.10) are combined, the stator voltage 
components can be expressed as follows 
qgs,qre
d
dgs,sdgs, iLdt
diRu ωψ −+= ,                  (2.11) 
( )pmdgs,dreqqgs,sqgs, ψωψ +++= iLdt
d
iRu .               (2.12) 
The electromagnetic torque of the generator can be given as [115] 
( )
( )( )qddgs,qgs,qgs,pm
dgs,qqgs,d
r
gs
rs
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sg
gs
g
e
p
2
3
p
2
3p
2
3p
2
3p
2
3
LLiii
iiiiit
−+=
−=×=×=×=
ψ
ψψψψψ
,       (2.13) 
where p is a number of pole pairs and superscripts g, s and r correspond to general, stator 
and rotor reference frame, respectively.  
2.1.4 Frequency converter 
A frequency converter decouples the frequency of generator stator windings from the grid 
frequency. Thus, the generator rotor can rotate depending on the wind conditions and 
independent of the grid voltage frequency. Therefore, the tip speed ratio can be optimized 
and energy extraction from the wind can be maximized. A braking chopper is modeled at 
the DC-link in order to protect the DC-link capacitor during the grid disturbances. The 
chopper is activated, when the DC-link voltage increases over a pre-defined limit. In this 
thesis, both GSC and NSC are modeled to execute their voltage references ideally. In 
other words, the modulator is not modeled in order to save the computational power of the 
real-time simulators. The drawback of this approach is the lack of capability to investigate 
events around the switching frequency. In addition, the high frequency ripple in the 
converter voltages and currents do not appear in the simulation results. However, the 
selected modeling approach is sufficient for control system operation investigations, 
because the control system frequency bandwidth is significantly lower than the switching 
frequency.  
An ideal frequency converter model is based on assumption of equal powers in both AC 
and DC sides of the converters. In other words, 
24 
 
dcac pp = .                          (2.14) 
Thus, GSC and NSC can be modeled by using the following equations 
( )
( ) ,
2
3
,
2
3
ndc,dcL1,qconv,qL1,dconv,d
dc,gdcgs,qgs,qgs,dgs,d
iuiuiu
iuiuiu
=+
=+
                 (2.15) 
where dcu  is the DC-link voltage, dc,gi  and ndc,i  are generator and network-side DC 
currents, and convu  as well as L1i  are network-side voltage and current, respectively.  
2.1.5 Control system of generator-side converter 
Vector control system of GSC oriented to the rotor reference frame is shown in Fig. 2.3a. 
The fundamental-frequency references of the current controllers can be expressed as DC 
values in the reference frame, which implies that the steady state error can be eliminated 
by using a proportional – integral (PI) controller. The inner loop controls the stator current 
and the outer loop controls the angular frequency of PMSG. In order to maximize the 
generated power from the fluctuating wind, the reference value *rω  is selected to optimize 
the tip speed ratio. The speed control is based on the equation of motion expressed in 
(2.6). The output of the speed controller is the limited reference for the quadrature axis 
stator current component *gs,qi .   
The outer control loop can also be realized using torque controller as shown in Fig. 2.3b. 
This control method can be considered as a standard method in wind turbine industry. 
[117] The measured rotor speed rω  is fed as input to generate the desired torque 
reference *et . The mathematical analysis on the torque control is presented in details in 
Appendix A.  
It should be noted that independent on whether the outer control loop controls the 
generator speed or torque, the reference is selected to optimize the power extracted from 
the wind only during wind conditions under rated wind speed. As the wind speed exceeds 
the rated value, the control target is to maintain constant output power in order to prevent 
the turbine to experience damage caused by exceeding mechanical and electrical limits. 
The limitation of power extraction from the wind is typically carried out using pitch control. 
[117] 
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The reference of the stator current direct component *gs,di  is set to zero. By this way, the 
electromagnetic torque is dependent solely on the current * qgs,i  as can be seen from (2.13). 
In addition, the stator currents are minimized, which results in minimized losses. It would 
be possible to use a generator stator voltage controller to provide the *gs,di  in order to 
prevent a stator overvoltage under high rotational speeds [118]. However, large *gs,di  
current component would be needed to produce notable reduction in a magnetic flux. This 
would increase remarkably the stator losses, and therefore, the control of *gs,di  is not 
typically used in PMSG drives. [116] 
Terms ( )gs,qqre iLω−  and ( )gs,ddmre iL+ψω  cancel the cross-coupling effect, which appear as 
a result of coordination transformation. The stator voltage dq-components are transformed 
back to stationary abc components and the control system output is the stator voltage 
vector reference * abcgs,u . Pulse width modulation (PWM) is typically used to generate the 
firing pulses to GSC. In this thesis, the simple generator control system with speed control 
is used. 
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a)  
b)  
Fig. 2.3. Control system of GSC: a) with speed controller, b) non-linear torque controller. 
2.1.6 Control system of network-side converter  
The vector control system of NSC is implemented in a synchronous reference frame 
oriented to the wind turbine transformer secondary side voltage. The control system 
consists of an inner current control loop and outer DC-link voltage as well as reactive 
power control loops. Due to the reference frame selection, the DC-link voltage and reactive 
power can be controlled with current d- and q-components, respectively.  
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Current control 
The space vector based NSC model is shown in Fig. 2.4. The filter capacitor branch is 
typically neglected in the current control design, when its capacitance value is small and, 
therefore, the reactance is high for low-order current harmonics. [119] The converter 
voltage vector in the stationary reference frame can be given as 
dt
idLiRuuuu 1LLf1LLfsyncLfsyncconv −−=−= ,              (2.16) 
where Lfu  is the voltage over inductors 1L  and 2L . Inductance LfL  corresponds to the 
sum of inductances 1L  and 2L  while resistance LfR  corresponds to the sum of 
resistances 1R  and 2R . The converter voltages in the synchronous reference frame can 
be given as 
1LLfsync
1L
Lf1LLfsyncconv j iLdt
idLiRuu ω−−−= ,              (2.17) 
where syncω  is the angular frequency of the synchronous reference frame.  
Eq. (2.17) can be given in component form as 
q,1LLfsync
d,1L
Lfd,1LLfdsync,dconv, iLdt
di
LiRuu ω+−−= ,            (2.18) 
d,1LLfsync
q,1L
Lfq,1LLfqsync,qconv, iLdt
di
LiRuu ω−−−= .            (2.19) 
The voltage components contain cross-coupling terms, which are canceled in the control 
system like in the case of GSC. 
 
Fig. 2.4. Space vector based NSC model.  
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Control system oriented to network voltage  
The block diagram of the vector control system of NSC oriented to the transformer 
secondary or synchronizing point voltage syncu  is shown in Fig. 2.5a. The phase angle 
syncθ  of the reference frame is received from block Sync, which represents the 
synchronizing unit. Purpose of the DC-link voltage controller is to maintain constant DC-
link voltage, thereby ensuring that the generated active power is fed into the grid. Output 
of the DC-link-voltage controller is the reference for d-component of the converter current 
*
L1di . Reactive power controller output is the reference of q-axis component of the converter 
current *L1qi . Calculation of an instantaneous reactive power q is performed in the pq-
calculation block. The reference currents *L1di  and 
*
L1qi  are compared to the measured 
currents and the errors are fed to the current controllers. The outputs of the current 
controllers are the voltage components over LCL-filter inductors *Ldu  and 
*
Lqu . After 
removal of the cross-coupling terms and with the help of the measured synchronizing point 
voltage components dsync,u  and qsync,u , the NSC voltage reference components * dconv,u  
and * qconv,u  are obtained. It should be noticed that the voltage component qsync,u  should be 
zero in the selected reference frame. The control system outputs are the NSC stationary 
phase voltage references * abcconv,u .  
The NSC filter can also be implemented without inductor L2 as shown in Fig. 2.5b. This is 
typical way in modern industrial wind turbines because of the advantage of reducing the 
number of installed reactive components. It should be noted that the transformer leakage 
inductance serves as a other L in the LCL structure.  
Direct consequence of having this kind of hardware arrangement is that the synchronizing 
point voltage measurement is taken from the voltage over the filter capacitor. In this case, 
the voltage for synchronization should be carefully filtered in order to maintain proper dq-
orientation and, thereby, low THD in currents and voltages. [120] If the voltage is measured 
like in Fig. 2.5a, the grid side inductor effectively blocks the current towards the grid and 
therefore the voltage at measurement point contain lower amount of harmonics. Because 
the switching of the IGBTs are not modelled in this thesis, the impact of selection of voltage 
measurement point is minor. The voltage measurement over the filter capacitor can also 
be used for active damping purposes. [121] The voltage measurement like in Fig. 2.5a is 
used in the thesis. 
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a)  
b)  
Fig. 2.5a. Control system of NSC oriented to network voltage reference frame, b) orientation to 
voltage over filter capacitor. 
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2.2 DFIG wind turbine 
The DFIG wind turbine concept was shown in Fig. 1.3. Wind turbine rotor, drive train and 
frequency converter models are identical compared to the FPC wind turbine model. In 
addition, the control system of NSC is similar as presented in Section 2.1.6. However, the 
reactive current injection by using NSC is typically applied only during the voltage dips, 
and the reactive power control is done by using RSC.   
2.2.1 Wound rotor induction generator 
A stationary reference frame space-vector based equivalent circuit of WRIG is presented 
in Fig. 2.6. Stator voltage vector and rotor voltage vector reduced to the stator can be given 
as [122]  
dt
d
iRu ssss
ψ
+= ,                       (2.20) 
'
'
'''
r
r
rrr ψω
ψ
rjdt
d
iRu −+= ,                   (2.21) 
where sR  and rR  are stator and rotor resistances, respectively, sψ  and rψ  are stator 
and rotor flux linkage vectors, respectively, si  and ri  are stator and rotor current vectors, 
respectively and rω  is the angular speed of the rotor. The transformer describes the 
generator rotor to stator turns ratio N. Superscript ᾽ means reduction to the stator. The 
reduction can be given as: 
'rr uNu = ,                         (2.22) 
'1 rr iN
i = ,                         (2.23) 
'r
2
r RNR = .                        (2.24) 
The flux linkage vectors can be expressed as follows  
( ) '' rmssrmsslms iLiLiLiLL +=++=ψ ,                (2.25) 
( ) sm'rrsmrrlmr '''' iLiLiLiLL +=++=ψ ,                (2.26) 
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where sL  and rL  are stator and rotor self-inductances and mL  is magnetizing inductance. 
The self-inductances are defined as msls LLL +=  and m'rl'r LLL += , where slL  and rlL
correspond to stator and rotor leakage inductances, respectively. The reduction of rlL  can 
be given as 
'rl
2
rl LNL = .                         (2.27) 
The electromagnetic torque in the stationary reference frame is expressed as follows 
( )( ){ } ( )sαsβsβsαsβsαsβsαsse p2
3jjp
2
3p
2
3 iiiiit ψψψψψ −=−+−=×= ,      (2.28) 
where subscripts α and β correspond to the two-axis components of the space vector in 
the stationary reference frame. 
 
Fig. 2.6. Equivalent circuit of WRIG.  
2.2.2 Control system of RSC 
The vector control of RSC is carried out in the synchronous reference frame oriented to 
the stator flux linkage. The orientation enables independent control of the electrical torque 
and machine excitation via rotor current components. Therefore, the generator active and 
reactive powers can be controlled independently from each other. 
Current control 
The mathematical background of the RSC current control in the stator flux linkage 
reference frame is presented in this section. The stator magnetizing current msi  in the 
reference frame can be given as 
sψ'
r
sψ
s
m
s
m
sψ
ssψ
ms iiL
L
L
i +==
ψ
,                    (2.29) 
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where superscript sψ corresponds to the stator flux linkage reference frame. Due to the 
reference frame selection, the flux contains only x-axis component. Thus, the above 
equation can be rewritten as 
m
xsψ
ms
sψ
ms L
ii ψ== .                       (2.30) 
The rotor voltage equation (2.21) in the stator flux linkage reference frame rotating with 
angular frequency of msω  can be given as 
( ) ψs
rms
ψs
rψs
rr
ψs
r 'j
'
''' ψωω
ψ
rdt
d
iRu −−+= .              (2.31) 
From now on, the superscript sψ  indicating the reference frame is omitted in order to 
simplify the equations. The rotor voltages can be given by taking into account (2.26) and 
(2.29) 
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where σ  is a leakage factor defined as 'rs
2
m /1 LLL−=σ , 
'
rLσ  is rotor transient inductance 
and slω  is a slip angular frequency. Because the stator is connected to the grid and the 
impact of the stator resistance is small, msi can be assumed to be constant. Hence, the 
term dtid /ms is set to zero. Therefore, the rotor voltage vector can be given as 




+++= ms
s
2
m
rrsl
r
rrr ''j
''''' i
L
LiL
dt
idLiRu σωσ .              (2.33) 
This can be expressed in the component form as follows 
''''''' ryrslrxrrxrrx iLdt
diLiRu σωσ −+= ,                 (2.34) 


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LiRu σωσ .              (2.35) 
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It can be noticed from (2.34) and (2.35) that the current components cannot be directly 
controlled by using the corresponding voltage components. Thus, the cross-coupling 
compensation terms are added to the output of the current controllers. The cross-coupling 
terms ' xcc,u  and 
'
ycc,u  are 
''' ryrslxcc, iLu σω−= ,                      (2.36)  




+= ms
s
2
m
rxrslycc, ''' iL
LiLu σω .                   (2.37) 
Torque, speed and instantaneous reactive power control 
The angle of the stator flux linkage sfθ  is needed due to the reference frame selection. 
The angle is obtained from the stator voltage equation (2.20) by using stator voltage and 
current measurements 
( ) −= dtiRu sαssαsαψ ,                     (2.38) 
( ) −= dtiRu sβssβsβψ ,                     (2.39) 
sα
sβ1
sf tan ψ
ψ
θ −= .                       (2.40) 
The integrals in Eqs. 2.38 and 2.39 need to be filtered for example by using band-pass 
filter low cut-off frequency in order to eliminate drifting of integrals and avoid DC offset.  
The operation of the speed controller is based on the equation of motion (2.6), and the 
controller reference is selected to optimize the tip speed ratio. The output of the speed 
controller is the reference for the electrical torque *et .  
The electrical torque in the stator flux reference frame can be given as 
( )sxsysysxsse p2
3p
2
3 iiit ψψψ −=×= .                (2.41) 
Due to the fact that the syψ  is zero in the given reference frame and taking into account 
(2.30), the electrical torque can be reduced to the form 
symsmsysxe p2
3p
2
3 iiLit == ψ .                   (2.42) 
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It can be seen that the torque is directly proportional to the y-component of the stator 
current.  
The stator current can be expressed with help of (2.29) as 
( )'rms
s
m
s iiL
Li −= ,                      (2.43) 
which can be given in component form as follows 
( )'rxms
s
m
sx iiL
Li −= ,                      (2.44) 
'ry
s
m
sy iL
Li −= .                        (2.45) 
It can be noticed that the rotor current y-component is proportional to the stator current y-
component. Therefore, the output of the torque controller is the reference of the rotor 
current y-component *ryi .  
Instantaneous active and reactive powers can be presented in the stationary reference 
frame by utilizing grid current and stator voltage measurements as follows 
( )gridβsβgridαsα2
3 iuiup += ,                    (2.46) 
( )gridβsαgridαsβ2
3 iuiuq −= .                    (2.47) 
The instantaneous reactive power can be expressed in the stator flux linkage reference 
frame by 
( )gridysxgridxsy2
3 iuiuq −= .                     (2.48) 
In the given reference frame, 0sx =u  and the stator voltage is aligned to y-axis ( ssy uu = ). 
Therefore, the instantaneous reactive power expression is reduced to the following form 
gridxsy2
3 iuq = .                        (2.49) 
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Hence, the reactive power can be controlled by means of grid current x-component. The 
grid current is the sum of the stator current and the current flowing through NSC of DFIG. 
Thus, the rotor current x-component can be used to control the reactive power output as 
can be seen from (2.44). Therefore, the output of the reactive power controller is the 
reference for rotor current x-component *rxi . The control system of RSC in the stator flux 
reference frame is shown in Fig. 2.7. 
 
Fig. 2.7. Control system of DFIG RSC. 
2.3 NSC synchronization 
This section focuses on NSC synchronization block Sync shown in Fig. 2.5. The main 
target of the NSC synchronization is to provide the angle of the fundamental frequency 
positive sequence component from the grid voltage as fast as possible. If the angle 
contains other frequencies than the fundamental, the wind turbine output currents become 
distorted although the current references are constants.  
2.3.1 Phase locked loop based on detection of zero crossings 
A straightforward method to synchronize to the grid voltage is based on the detection of 
grid voltage zero crossings. The block diagram of the synchronization method based on 
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the zero crossings is shown in Fig. 2.8. [123] The measured a-phase of the grid voltage is 
low pass filtered in order to remove harmonics from the voltage au . The time difference 
between the zero crossing times of low pass filtered voltage a1u  and estimated phase 
angle ua,1θ  is controlled to zero by using PI-controller. The controller output is angle 
increment ua,1θΔ , which is added to previous sample time value ua,1θ  at every computation 
period. The updated value for the angle increment ua,1θΔ  is obtained only after the zero 
crossings. The filter delay compensation takes the phase shift caused by the low pass filter 
into account. The synchronizing angle syncθ  is achieved after subtraction of π/2, which 
takes into account the angle difference between a-phase voltage and voltage space vector. 
 
Fig. 2.8. Block diagram of PLL implementation based on zero crossing detection.  
A major drawback of this synchronizing method is that the operation relies only on the 
measurement of the grid voltage a-phase. Thus, the behavior of two other phases are not 
taken into account. In addition, the method is slow, because the phase tracking can be 
executed only two times during one cycle. As a result, the dynamic performance may not 
fulfil the operation requirements. Furthermore, multiple zero crossings may be detected if 
the grid voltage is distorted.  
2.3.2 Synchronous reference frame – phase locked loop 
The block diagram of SRF-PLL is shown in Fig. 2.9. Three-phase synchronizing point 
voltages are Park-transformed and q-component of the grid voltage is controlled to zero 
by using a PI-controller. As a result, the d-axis voltage component represents the 
magnitude of the grid voltage. The feed forward term ffω  is used to accelerate the start-
up. The estimated angular position of the rotating reference frame syncθ  is attained after 
integration of the reference frame angular frequency syncω .  
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Fig. 2.9. Block diagram of SRF-PLL. 
The measured three-phase grid voltages au , bu  and cu  after Clarke transformation are 
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where θ  is the angular position of the grid voltage vector, uˆ  is a peak value of the phase 
voltage and [ ]αβT  is a Clarke transformation matrix. Eq. (2.50) can be given in a rotating 
reference frame as 
( )
( )


−
−
=




−
=


=
sync
sync
β
α
syncsync
syncsync
q
d
dq sin
cos
ˆ
cossin
sincos
θθ
θθ
θθ
θθ
u
u
u
u
u
u ,         (2.51) 
where the angle syncθ  is the angular position of the rotating reference frame estimated by 
SRF-PLL. The voltage component of interest is qu , because the purpose is to regulate it 
to zero. The system is nonlinear due to the sinusoidal function in (2.51). However, the 
difference syncθθ −  is small after PLL is locked, which means that ( ) syncsyncsin θθθθ −≈− . 
Therefore, the system can be assumed to behave linearly and the linearized block diagram 
of SRF-PLL can be presented like in Fig. 2.10, where LFk  and iT  are loop filter, i.e. the PI-
controller, gain and integration time, respectively. 
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Fig. 2.10. Block diagram of linearized SRF-PLL. 
Closed-loop transfer function ( )sHcl  can be determined from Fig. 2.10 and it can be given 
as 
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i
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,                 (2.52) 
where PLLk  is the gain of PLL, which can be expressed as 
LFPLL ˆkuk −= .                        (2.53) 
It can be seen from (2.53) that the PLL gain is proportional to the peak value of the grid 
voltage in addition to the PI-controller gain. Eq. (2.52) can also be expressed in a 
normalized form by using damping factor ς and undamped natural frequency nω  as 
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where ( )sH2  is normalized 2nd-order transfer function and zω  is a zero frequency, which 
is defined as the root of the numerator [124], as  
z
n
n
2
n2
nn 22
02 ω
ς
ω
ςω
ω
ωςω −=−=−==+ ss .              (2.55) 
The normalized form of the closed-loop transfer function is utilized in the controller tuning. 
The parameters PLLk  and iT  can be calculated in terms of ς  and nω  by combining Eqs. 
(2.52) and (2.54) 
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2.3.2.1 Analysis of closed-loop transfer function of SRF-PLL 
The closed loop transfer function of SRF-PLL, shown in (2.54), can be divided into two 
parts: the left-hand-side part of ( )sHcl  is the normalized 2nd-order transfer function and the 
right-hand-side part contains the impact of zero. The significance of the zero increases as 
zω  decreases. Thus, the impact of zero to the system response increases as nω
decreases or ς  increases as indicated by (2.55).  
The impact of different values of nω  and ς  to the step responses of ( )sH2  and ( )sHcl  is 
illustrated in Fig. 2.11, respectively. The increase in the damping factor decreases the rise 
time of the step response of ( )sH2  as shown in Fig. 2.11a. The increment in nω  increases 
the speed of the response but has no effect on the overshoot of the response of ( )sH2 , 
which is solely determined by ς . The differences between the responses of Figs. 2.11a 
and c as well as of Figs. 2.11b and d are due to the impact of zero. It can be noticed from 
Figs. 2.11c and d that the zero decreases the rise time and increases the overshoot of the 
response. In addition, as ς  increases or nω  decreases, the impact of the zero to the 
system response becomes more important as expected based on (2.55).  
The above discussion gives the theoretical background for the analysis of SRF-PLL during 
the different network voltage disturbances with different tuning parameters. The analysis 
is carried out in Investigation 2 in Section 3.3. 
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a) b)  
c) d)  
Fig. 2.11. Step response: a) ( )sH2  with constant nω , b) ( )sH2  with constant ς , c) ( )sHcl  with 
constant nω , d) ( )sHcl  with constantς .  
2.3.3 Decoupled double synchronous reference frame – phase locked loop 
The DDSRF-PLL synchronizing method consists of a decoupling network and SRF-PLL. 
The decoupling network provides positive and negative sequence components from the 
network voltage vector. The synchronization to the positive sequence component of the 
grid voltage vector is done by using SRF-PLL. In this section, the mathematical 
background of DDSRF-PLL is given. 
The unbalanced distortion free grid voltage vector αβu  in the stationary reference frame 
can be given as [33] 
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where superscripts + and – correspond to positive and negative sequence references, 
respectively, and ϕ  is an initial angle. It is assumed that the reference frame estimated by 
the synchronization system rotates synchronously with the fundamental frequency positive 
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sequence component of the grid voltage. Thus, tωθ =sync . The positive and negative 
sequence components can be given in the synchronous dq-reference frame as 
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Eqs. (2.58) and (2.59) contain DC and AC components. The DC components are solved 
in order to obtain the positive and negative sequence components from the grid voltage 
as follows 
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where +dU , 
+
qU , −dU  and −dU  are d- and q-components of the positive and negative 
sequence components after decoupling network, respectively.  
The decoupling network, shown in Fig. 2.12, is created based on (2.60) and (2.61). It 
cancels the AC component from the positive sequence voltages, which is caused by the 
negative sequence grid voltage. In addition, the AC component in the negative sequence 
voltages appearing due to the positive sequence grid voltage is canceled. The outputs of 
the decoupling network are the positive and negative sequence grid voltage components 
represented as DC values. The block LPF, shown in Fig. 2.12, represents a simple low 
pass filter with a cut-off frequency of fω  as follows 
( )
f
fLPF
ω
ω
+
=
s
s .                       (2.62) 
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where +dU , 
+
qU , −dU  and 
−
qU  correspond to the filtered d- and q-components of the 
positive and negative sequence voltages, respectively.   
 
Fig. 2.12. Block diagram of decoupling network.  
The block diagram of DDSRF-PLL is shown in Fig. 2.13. The synchronization to the 
positive sequence network voltage component is perfect, when the positive sequence q-
axis voltage component after decoupling network +qU  is zero. In that case, the initial angle 
+ϕ  is zero and the positive sequence voltage is aligned to +d -axis. In other words, it can 
be expressed as 
++
= uU ˆd .                          (2.63) 
The positive sequence network voltage angle syncθ  is attained by using SRF-PLL.  
Due to the fact that the gain of SRF-PLL depends on the magnitude of the input voltage, 
the input +qU  is actively normalized to the magnitude of the positive sequence component 
of the input voltage. The purpose is to prevent the loss of gain phenomenon [36], which 
means the decrement of the gain during the decreased grid voltage. In addition, the 
increase of the gain during the grid overvoltage is prevented.  
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Fig. 2.13. Block diagram of DDSRF-PLL.  
2.3.4 Dual second order generalized integrator – frequency locked loop 
The DSOGI-FLL synchronization method extracts the positive and negative sequence 
components from the grid voltage in the stationary reference frame. The purpose of 
DSOGI is to produce in-quadrature axis components from the grid voltage vector, which 
are needed in the computation of the positive and negative sequence components. DSOGI 
is a bandpass filter, whose resonant frequency is actively tuned to the grid frequency by 
using FLL.  
2.3.4.1 Instantaneous symmetrical grid voltage components 
The instantaneous positive and negative sequence components of the grid voltages can 
be computed using Fortescue operator α=ej2π/3=ej120°=-1/2+j*√3/2 [125] 
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Eq. (2.64) is transformed into stationary reference frame 2-axis components by using 
Clarke transformation as follows 
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where the operator q is the 90°-lagging phase-shift operator i.e.,  
2
jπ
e
−
=q .                         (2.67) 
The negative sequence components from the αβ-grid voltages can be computed by 
utilizing (2.65) as follows 
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The positive and negative sequence components can be identified from the grid voltage 
vector using matrixes [Tαβ+] and [Tαβ-] according to (2.66) and (2.68). However, in order to 
use the equations, the operator q needs to be implemented in practice. The 
implementation is done by using DSOGI. 
2.3.4.2 Dual second order generalized integrator 
DSOGI consists of two SOGIs, which are second order adaptive bandpass filters. SOGIs 
generate in-phase and 90°-phase-shifted components from the input voltages αu  and βu  
in a resonant frequency 'ω . The structure of SOGI is shown in Fig. 2.14, where u is the 
input voltage, u’ is the output voltage in-phase with the u, qu’ is the output voltage in 
quadrature-phase with the u, SOGIk  is the system gain and SOGIε  is the error measure. The 
transfer functions of SOGI can be defined by utilizing Fig. 2.14 yielding as [33] 
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Fig. 2.14. Structure of SOGI. 
The Bode plots of the transfer functions D(s) and Q(s) with different SOGIk  values are 
shown in Figs. 2.15a and b, respectively. The resonant frequency of SOGI is set to 
2π*50Hz.  
a) b)  
Fig. 2.15. Bode plot: a) D(s), b) Q(s). 
The bandwidth of the transfer functions is determined by the gain SOGIk . The bandwidth 
increases as the gain value increases leading to faster response. However, as SOGIk
decreases the selectivity of the filter increases indicating an improved harmonic rejection.  
The in-phase and 90°-phase-shifted components in the resonant frequency ω’ generated 
by DSOGI are utilized as building blocks of the matrixes [Tαβ+] and [Tαβ-] as follows 
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Eqs. (2.72) and (2.73) show that the grid-voltage positive and negative sequence 
components can be computed by using DSOGI. However, the above equations are valid 
only if the grid frequency equals ω’. The resonant frequency is adapted to the grid 
frequency by using FLL.  
2.3.4.3 Frequency locked loop 
An operation principle of FLL can be understood by investigating the transfer functions 
Q(s) (2.70) and E(s) (2.71). The phases of the transfer functions are shown in Fig. 2.16, 
when the ω’ is set to 2π*50Hz. The phases are in-phase to each other, when the grid 
frequency is lower than ω’. However, when the grid frequency is higher than ω’, the phase 
difference of 180° appear. This means that the phases have different sign. The product of 
SOGIε  and qu’ is used as an error measure FLLε , which has positive or negative value, 
when the grid frequency is lower or higher than ω’, respectively. FLLε  is fed to an integral 
controller with a negative gain –γ. Thus, the positive FLLε  makes the controller to decrease 
ω’ and vice versa. The resonant frequency equals the grid frequency when FLLε is zero. 
The average error measure FLLε  can be obtained as follows 
( ) ( )βSOGIβαSOGIαFLLβαFLLFLL ''2
1
2
1 ququ εεεεε +=+= .            (2.74) 
 
Fig. 2.16. Phases of Q(s) and E(s) when ω’ is 2π*50Hz. 
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Finally, the structure of FLL can be expressed as shown in Fig. 2.17.  
 
Fig. 2.17. Structure of FLL. 
2.3.4.4 Dual second order generalized integrator – frequency locked loop 
DSOGI-FLL contains the computation of positive and negative sequence voltage 
components by using (2.66) and (2.68), two SOGIs to generate the 90°-shifted 
components from the grid voltage and FLL to lock ω’ to the grid frequency. The angle of 
positive sequence fundamental frequency syncθ  used to synchronize the control system is 
computed from the positive sequence αβ-components as follows 




=
+
+
−
α
β1
sync tan u
u
θ  .                       (2.75) 
The block diagram of DSOGI-FLL is shown in Fig. 2.18. It is presented in detail in [33] that 
FLL dynamic response is affected by the square of the grid voltage, the SOGI gain and 
the SOGI resonant frequency. Thus, the normalized FLL gain Γ is used in this thesis, 
which can be given as [33] 
'SOGI
2
ω
γ
k
U
=Γ .                        (2.76) 
48 
 
 
Fig. 2.18. Block diagram of DSOGI-FLL. 
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3. Comparison and performance evaluation of NSC syn-
chronization methods 
This chapter presents the comparison and performance evaluation of SRF-PLL, DDSRF-
PLL and DSOGI-FLL synchronization methods used in the FPC wind turbine. SRF-PLL 
can be considered as a traditional synchronizing method, whereas DDSRF-PLL is an 
improved method originating from SRF-PLL. Unlike SRF-PLL and DDSRF-PLL, which 
operates in a synchronous reference frame, DSOGI-FLL operates in a stationary reference 
frame. However, DDSRF-PLL and DSOGI-FLL are comparable methods to each other, 
because the transfer function of the decoupling network transformed in the stationary 
reference frame is similar to the DSOGI transfer function. However, appropriate parameter 
selection needs to be made to make the methods comparable as discussed in Appendix 
B. Thus, the main difference of the methods is the different operations of PLL and FLL.  
This chapter consists of two investigations related to the operation of the synchronizing 
methods during the grid disturbances. The control strategy of the FPC wind turbine during 
the grid fault in both Investigations is described in Section 3.1. The operation of the 
synchronization methods is investigated during the symmetrical grid voltage dip in Section 
3.2. In Section 3.3, the operation of the methods during symmetrical and unsymmetrical 
voltage dips, voltage recovery as well as under the presence of grid voltage harmonics is 
compared from the viewpoint of parameter selection sensitivity. 
3.1 Control of wind turbine during grid fault 
The time constants of the phenomena related to mechanical parts operation are much 
larger than the time constants related to the synchronization. Because the main target of 
the investigations in this chapter is to analyze the operation of the synchronization 
methods, the drive train, the generator and GSC are modeled simply as a current source 
WTi  located in the DC-link of the frequency converter. The value WTi  is given as follows 
dcu
p
i genWT = ,                         (3.1) 
where genp  is the generated active power by the generator and dcu is the DC-link voltage. 
The braking chopper for DC-link overvoltage protection is activated, if the DC-link voltage 
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increases above 1250V. After the activation, the surplus energy is dissipated in a chopper 
resistance dcR .  
The wind turbine and control system models used in both investigations of this chapter are 
shown in Fig. 3.1. NSC is controlled to inject reactive current during the fault in order to 
support the decreased grid voltage. The reference of the NSC current q-component is 
increased during the fault to 591A and the current WTi is set to zero. This represents the 
case, where the generator active current reference * qgs,i  is set to zero during the fault and 
the energy from the wind is stored to the rotating mass of the wind turbine mechanical 
parts. The parameters of wind turbine and the network models are given in Appendix C.  
 
Fig. 3.1. Wind turbine and control system model used in investigations.  
3.2 Investigation 1: Operation of SRF-PLL, DDSRF-PLL and 
DSOGI-FLL during symmetrical voltage dip 
In this section, the operation of SRF-PLL, DDSRF-PLL and DSOGI-FLL during the 
symmetrical voltage dip is analyzed. The parameters of the synchronization methods are 
given in Table 3.1 by using the ( )ςω ,n  parametrization.  
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Table 3.1. Parameters of SRF-PLL, DDSRF-PLL and DSOGI-FLL. 
SRF-PLL 
nω  = 2*π*20 ς = 1/√2 - 
DDSRF-PLL 
nω  = 2*π*20 ς  = 1/√2 fω  = 2*π*50/√2 
DSOGI-FLL Γ= 387 - SOGIk  = √2 
The wind turbine synchronizing point voltages cb,a,sync,u  during the symmetrical voltage dip 
are shown in Fig. 3.2a, when SRF-PLL is used. The transients appearing on the angular 
frequency of SRF-PLL, shown in Fig. 3.3a, are caused by the rapid changes of the grid 
voltage phase, which are not filtered by the SRF-PLL loop filter. The angular frequency 
has not settled to the grid frequency during the 200 ms-lasting voltage dip, because the 
PLL gain is decreased due to the reduction of the grid voltage magnitude. After the first 
transients, the angular frequency of SRF-PLL follows the output of the PI-controller 
integrator, which is shown in Fig. 3.4a. The grid and SRF-PLL angles are shown in Fig. 
3.5a. The angle of SRF-PLL is not significantly influenced by the sudden chances in the 
grid angle. However, the tracking of correct grid angle is slow due to the loss of gain 
phenomenon. The converter currents, shown in Fig. 3.6a, stay sinusoidal due to the linear 
behavior of the SRF-PLL angle.  
The synchronizing-point voltages during the same fault with DDSRF-PLL are shown in Fig. 
3.2b. The main difference between SRF-PLL and DDSRF-PLL during the voltage dip is 
the gain normalization of PLL in the latter method. Therefore, the gain of the PLL part of 
DDSRF-PLL is not affected by the magnitude of the grid voltage. The normalization could 
also be done to SRF-PLL. However, the drawback of the normalization is a constantly 
varying gain under asymmetrical network voltage conditions. Thus, the SRF-PLL gain is 
not normalized in the comparison. 
The decoupling network and the gain normalization have a remarkable impact on the 
behavior of the error measure of the PLL part of DDSRF-PLL. This is due to the fact that 
the decoupling network cannot instantaneously detect the correct value of +qu  after the 
voltage dip and the gain of synchronization system does not decrease with the network 
voltage magnitude. If the PLL output frequency is not limited, the integrator of the PI-
controller, shown in Fig. 3.4b, can reach a very high negative value. As a result, the angular 
frequency of DDSRF-PLL, shown in Fig. 3.3b, drops near to zero. The angle used by the 
control system of NSC, pointed out in Fig. 3.5b, remains nearly constant during the time, 
when the angular frequency is near to zero. Hence, the converter currents, shown in Fig. 
3.6b, contain a significant DC-component. This is not tolerable, because the DC-
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component overstress the transformer of the wind turbine. It should be noted that this is 
not a natural response of the FPC wind turbine to the symmetrical voltage dip. The reason 
for the DC-current generation is the poorly designed synchronization. The simulation 
results, expressed in Figs. 3.2b – 3.6b, emphasize the importance of an appropriate 
synchronization design. 
The synchronizing-point voltages with DSOGI-FLL are expressed in Fig. 3.2c and the 
resonant frequency of the DSOGI bandpass filter is shown in Fig. 3.3c. The frequency 
does not suffer from the similar initial transients like the PLL-based methods. In addition, 
the deviation of the frequency from the nominal value is much smaller. The behavior of the 
frequency is mainly determined by the operation of FLL. The smaller deviation of the 
frequency is the consequence from the fact that the power system frequency is steadier 
variable than the phase angle. The network voltage angle and the angle of DSOGI-FLL 
are pointed out in Fig. 3.5c. It takes about one cycle from DSOGI-FLL to track the network 
voltage angle with decent accuracy. As expected based on the linear behavior of DSOGI-
FLL angle, the converter currents, shown in Fig. 3.6c, contain mainly fundamental- 
frequency positive-sequence component during the fault. Thus, it can be concluded that 
the wind turbine is able to ride-through the fault and inject reactive current to the grid 
without additional stress to the grid components.  
 
a)                       b)              c) 
Fig. 3.2. Synchronizing point voltage cb,a,sync,u : a) SRF-PLL, b) DDSRF-PLL, c) DSOGI-FLL. 
 
a)                       b)              c) 
Fig. 3.3. Angular frequency: a) SRF-PLL, b) DDSRF-PLL, c) DSOGI-FLL. 
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a) b)  
Fig. 3.4. Output of the loop filter integrator: a) SRF-PLL, b) DDSRF-PLL. 
 
a)                       b)              c) 
Fig. 3.5. Angle of usync compared to synchronizing method angle: a) SRF-PLL, b) DDSRF-PLL, c) 
DSOGI-FLL. 
 
a)                       b)              c) 
Fig. 3.6. Converter currents: a) SRF-PLL, b) DDSRF-PLL, c) DSOGI-FLL. 
3.2.1 Frequency limitation and integrator anti-windup 
The grid angle may change rapidly after the voltage dip causing the significant error 
measure ε , shown in Fig. 2.10, to be fed to the PI-controller of DDSRF-PLL. If the PI-
controller is tuned to have a high gain, the controller output syncω  may deviate significantly 
from the fundamental frequency as shown in Fig. 3.3b. The consequence is an increased 
amount of harmonics or even a DC-component in the generated currents. Due to the fact 
that the grid frequency is steadier variable, it is vice to limit the syncω . The limitation does 
not remove the temporary harmonic current generation after voltage dips. However, the 
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generation of DC-currents can be prevented. The block diagram of the SRF-PLL part of 
DDSRF-PLL with the controller output limitation is shown in Fig. 3.7. 
 
Fig. 3.7. SRF-PLL part of DDSRF-PLL with controller output limitation. 
If the controller output frequency is very strictly limited, the windup of the controller 
integrator may become a problem. [126] If the sign of significant ε  remains unchanged for 
a long time, the output value of the integrator increases as long as the error measure sign 
does not change. As was shown in Fig. 3.4b the output value may become very large. If 
the limited controller output value ctrlω  deviates from the output value of the integrator, the 
angular frequency of the reference frame syncω  saturates to value ffctrl ωω + . In order to 
prevent windup, the integration of error measure must be stopped, when the controller 
output reaches its limit. The structure of SRF-PLL with an anti-windup scheme is shown in 
Fig. 3.8. The anti-windup tracking time constant tT  should be small enough to prevent the 
increase of the integrator output value. It is suggested that tT  should be smaller than the 
integration time of the controller iT . [126] 
 
Fig. 3.8. SRF-PLL with integrator anti-windup. 
The same fault is now simulated using DDSRF-PLL with SRF-PLL containing the 
frequency limitation to ±10 Hz with integrator-anti-windup scheme. The synchronizing-
point voltages are shown in Fig. 3.9a. The controller output limitation and the integrator 
anti-windup prevents the integrator output to have large deviations as shown in Fig. 3.9b. 
Thus, the DDSRF-PLL angle follows the angle of synchronizing-point voltage with the 
exception that the rapid phase angle changes are filtered to a large extent as depicted in 
Fig. 3.9c. The converter currents contain mainly fundamental component as shown in Fig. 
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3.9d. It can be concluded that the wind turbine is able to ride-through the fault and inject 
reactive current to the grid also with DDSRF-PLL including the gain normalization. 
a) b)  
c) d)  
Fig. 3.9. a) Synchronizing point voltages, b) output of loop filter integrator, c) network 
synchronizing point and DDSRF-PLL angle, d) converter currents. 
The comparison of angular frequencies, when all synchronization methods uses ±10Hz 
limitation, is shown in Fig. 3.10. The angular frequency of SRF-PLL does not settle down 
due to the loss of gain under the decreased grid voltage. Due to the gain normalization, 
DDSRF-PLL shows an improved angular frequency response compared to SRF-PLL. The 
correct frequency estimation is important, because the calculated frequency may be used 
to trigger other control functions of the wind turbine such as an anti-islanding detection or 
frequency control. The angular frequency of DSOGI-FLL is in agreement with the angular 
frequency of DDSRF-PLL. However, the main difference is the lack of high frequency 
transients after a fault initiation. The reason is the difference in the fundamental operation 
principle between PLL and FLL.  
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a)                       b)              c) 
Fig. 3.10. Angular frequency: a) SRF-PLL, b) DDSRF-PLL, c) DSOGI-FLL. 
3.2.2 Conclusion of Investigation 1 
The performance of the synchronization system has significant influence on the operation 
of the FPC wind turbine during the symmetrical grid fault. It is shown in Investigation 1 that 
the wind turbine may generate significant DC-currents during the symmetrical voltage dip 
if the DDSRF-PLL synchronization, demonstrated for example in [33], is used. The 
problem is not easy to detect, because it appears only if the loop-filter gain is high enough 
and the gain normalization is used. However, the DC-currents are not generated due to 
the high gain, but due to the unlimited output of the loop filter. It is shown that in practical 
applications, it is mandatory to add the frequency limitation and the integrator anti-windup 
arrangement to the loop filter of DDSRF-PLL in order to avoid the problem of DC-current 
generation. It is concluded that the wind turbine is able to ride through the symmetrical 
grid fault and inject reactive current to the network with all analyzed synchronizing methods. 
However, DSOGI-FLL provides the smoothest reference frame frequency behavior during 
the voltage dip. 
3.3 Investigation 2: Comparison and tuning parameter selection 
of synchronization methods 
The main task of the wind turbine is to generate electrical power into grid by feeding 
fundamental frequency positive sequence currents. This task is fulfilled from a control 
system viewpoint if the following conditions are met:  
• the synchronous reference frame of vector-controlled NSC is rotating with the 
angular frequency of the fundamental-frequency positive-sequence component of 
the grid voltage, 
• the references for the d- and q-axis current components are constants, 
• the error measures of the current controllers are controlled to zero. 
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If the above conditions are not met, the output currents of the wind turbine contain also 
additional harmonics.  
The aim of this investigation is to study, how the selection of different synchronization 
parameters (ς , nω , fω , SOGIk , Γ ) impacts on the ability of the wind turbine to generate 
fundamental-frequency currents during the grid voltage disturbances. Performance of the 
DC-link voltage controller, current controllers and synchronization system determines 
whether or not the aforementioned conditions are met after the disturbances. This study 
considers only the operation of the synchronization systems. Thus, the control system 
operation of NSC is identical during all the following grid disturbances, while the 
synchronization method and its tuning is changed. Hence, the differences in the simulation 
results are caused only by the performance differences of the synchronization systems.  
The performance of the synchronizing systems is compared during the three-phase and 
two-phase fault as well as during the voltage recovery. In addition, the performance under 
the presence of grid voltage 5th-harmonic is evaluated. The purpose is to find the factors, 
which should be taken into account, when the parameters related to the synchronization 
systems are selected.  
In order to avoid the DC current-generation problem described in Investigation 1, the 
output of the PLL PI-controller and the DSOGI resonant frequency ω’ are limited to 
2π*(±10 Hz) rad/s. In addition, the controllers are provided with the anti-windup scheme. 
The fundamental-frequency negative-sequence component and harmonic components 
from 2nd to 20th of the converter currents are measured using Matlab Simulink sequence 
analyzer library block, which outputs the amount of corresponding harmonic components 
as DC values. These DC values are integrated (summed). The converter currents are 
close to a pure sine wave throughout the fault, when the resulting integral of harmonics is 
small. Therefore, the integral of harmonics can be used to assess the quality of the 
generated currents and performance of the synchronization method. The integral of 
harmonics is normalized by using a Normal (Gaussian) distribution. From now on, the term 
harmonic integral corresponds to the normalized integral of harmonics. The simulation 
results are analyzed against to the theory introduced in Section 2.3. 
Three different parameter values for damping factors ς  (0.5, 0.707 and 1) are used for 
SRF-PLL and DDSRF-PLL in the comparison. Four values for undamped natural 
frequencies nω  are located on x-axis (2π*5 Hz, 2π*15 Hz, 2π*30 Hz, 2π*50 Hz). The 
DDSRF-PLL performance depends also on the cut-off frequency fω  used in the 
decoupling network. The values in the comparison are fω = 2π*50/4 and fω = 2π*50/√2. 
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The performance of DSOGI-FLL depends on SOGIk  and Γ . The x-axis consists of Γ  
values, which are chosen in a way that -3 dB bandwidths are comparable for the FLL and 
PLL loops if the PLL parameter selection is ς = 0.707. This is discussed in detail in 
Appendix B. For example, the bandwidth of SRF-PLL is 64.5 rad/s, when the settings are 
nω = 2π*5 Hz and ς = 0.707 as shown in Appendix B. Hence, the bandwidths of the PLL 
and FLL loops are comparable, when the respective value for the Γ  is set to 64.5 rad/s. 
The values for SOGIk  are chosen to have similar transfer functions for DSOGI and the 
decoupling network as discussed in Appendix B. In other words, SOGIk = 0.5 is comparable 
with fω = 2π*50/4 and SOGIk = √2 is comparable with fω = 2π*50/√2.  
3.3.1 Symmetrical fault and voltage recovery 
The symmetrical fault occurs at 0.3 s at the point Fault 2 of the network model shown in 
Appendix C, and the fault is cleared at 0.5 s. The integration of the harmonic components 
of the currents starts in the fault beginning and ends after 100 ms from the fault clearing 
at 0.6 s. Thus, the operation of synchronization methods is investigated also during the 
voltage recovery. 
The harmonic integrals of SRF-PLL during the symmetrical voltage dip with different ς  
and nω  are shown in Fig. 3.11a. The performance of SRF-PLL during the voltage dip 
improves as the parameters ς  and nω  increase due to the increased control bandwidth. 
Therefore, PLL tracks the grid angle faster, which decreases the harmonic integral value.  
Harmonic integrals of DDSRF-PLL are shown in Figs. 3.11b and c, when fω  is set to 
2π*50/4 and 2π*50/√2, respectively. The harmonic integrals are significantly lower than in 
case of SRF-PLL. The main reason is the normalization of the PLL gain. The impact of ς  
on the harmonic integrals is more significant, when nω  is small due to the increased impact 
of zero as shown in (2.54). As nω  increases, the controller becomes faster, which has 
tendency of decreasing the harmonic integrals. However, the impact of the network voltage 
transients (fault and voltage recovery) on the synchronizing angle increases resulting 
increase of the harmonic integrals due to the decreased filtering of transients. As a result, 
the harmonic integral values remain approximately constant. When the cut-off frequency 
of the low-pass filter is increased from fω =2π*50/4 to fω =2π*50/√2, the harmonic 
integrals generally increase due to the decreased filtering of the synchronizing angle 
during the transients. 
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The DSOGI-FLL harmonic integrals are shown in Fig. 3.11d. It can be seen that if small 
SOGIk  is selected, which means that the bandwidth of the bandpass filter is narrow as 
shown in Fig. 2.15, the normalized FLL gain Γ  plays important role on the speed of the 
response. However, the increment of the bandpass filter bandwidth clearly decreases the 
impact of Γ . Generally, the selection of high SOGIk  yields to faster response. However, the 
increase in Γ  causes decreased filtering of the synchronization angle during the transients.  
The worst performance appears, when SRF-PLL is used with values nω  =2π*(5 Hz) and 
ς =0.5, and the best performance is achieved using DDSRF-PLL with nω =2π*(15 Hz), ς
=1/√2 and fω =2π*(50Hz)/4. The tracking of the grid angle in the worst case as well as in 
the best case are shown in Figs. 3.12a and b, respectively. It can be noticed that if SRF-
PLL is used with low bandwidth, the tracking of the grid angle takes more than 6 cycles. 
The perfect tracking time is about 30 ms, when DDSRF-PLL is used. 
a)  b)   
c)  d)  
Fig. 3.11. Harmonic integrals under three-phase fault: a) SRF-PLL, b) DDSRF-PLL fω =2π50/4 
c) DDSRF-PLL fω =2π50/√2, d) DSOGI-FLL. 
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a) b)  
Fig. 3.12.  Behavior of grid angle and syncθ : a) worst result, b) best result. 
3.3.2 Unsymmetrical fault 
The performances of the synchronizing methods are compared during the two-phase-to-
ground fault occurring at the same Fault point. The harmonic integrals are calculated from 
the time span of the fault. The integrals are shown in Fig. 3.13a, when SRF-PLL is used. 
The integrals increase as nω  and the ς  increase, because SRF-PLL becomes more 
prone reacting on the negative sequence component of the grid voltage. In practice, this 
may be the limiting factor of the control bandwidth.  
Due to the fact that the decoupling network in DDSRF-PLL cancels the effect of the  
negative sequence component of the grid voltage, the increase in nω  and ς  do not have 
noteworthy impact on the harmonic integrals as shown in Figs. 3.13b and c. The integrals 
of DDSRF-PLL are significantly lower compared to SRF-PLL. Thus, the performance 
during the unsymmetrical grid faults is clearly improved.   
The DSOGI-FLL harmonic integrals are shown in Fig. 3.13d. When Γ is small, the integrals 
are lower with higher SOGIk  due to the faster tracking of the grid-voltage positive-sequence-
component angle. As Γ  increases, the grid angle is tracked even earlier decreasing the 
integrals. However, if SOGIk  is high, the decreased filtering of transients increases the 
integrals. The results between DDSRF-PLL and DSOGI-FLL are in agreement with each 
other, because the impact of the negative sequence voltage component is canceled from 
the synchronization angle.  
The converter currents in the worst case (SRF-PLL: nω = 2π*(50 Hz) and ς = 1) and in the 
best case (DDSRF-PLL: fω = 2π*(50 Hz)/4, nω = 2π*(15 Hz) and ς = 0.5) are shown in 
Figs. 3.14a and b, respectively. After approximately 30 ms from the fault beginning, the 
best case currents can be considered to contain only fundamental-frequency positive-
sequence component, while in the worst case, the currents are distorted during the whole 
monitored interval. 
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a)  b)  
c)  d)  
Fig. 3.13. Harmonic integrals under two-phase fault: a) SRF-PLL, b) DDSRF-PLL fω =2π50/4, 
c) DDSRF-PLL fω =2π50/√2, d) DSOGI-FLL. 
a) b)  
Fig. 3.14. Converter currents under asymmetrical fault: a) worst result, b) best result. 
3.3.3 Presence of network voltage harmonics 
The grid voltage is affected by 5th-harmonic in the following simulations. The level of the 
5th-voltage harmonic measured from the primary side of the wind turbine transformer was 
5.93% without the wind turbine connection. The limit for 5th-voltage harmonic in a medium 
voltage network defined in EN 50160 is 6%. [127] Only weak feeder 1 in the network model 
is in operation. Total harmonic distortion (THD) is used to measure the quality of the 
converter currents. THD is measured using Matlab Simulink library block and it is defined 
as 
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where hI  is harmonic RMS current, fI  is RMS value of fundamental frequency current and 
n is number of harmonic component.   
The normalized THDs under the presence of 5th-voltage-harmonic are shown in Fig. 3.15a 
when SRF-PLL is used. THDs using DDSRF-PLL are shown in Figs. 3.15b and c. THD of 
the converter current increases significantly with both methods as nω  and ς  increases, 
because of the decreased harmonic rejection. The decoupling network used in DDSRF-
PLL cancels only the negative sequence component so the rejection of other harmonics 
is directly determined by the tuning of PLL. In addition, the positive sequence component 
of the grid voltage is close to nominal in this case, so the gain normalization does not have 
impact. Therefore, the simulation results between both methods are almost identical. 
The simulation results with DSOGI-FLL are shown in Fig. 3.15d. The harmonic rejection 
capability depends on SOGIk , while Γ  has no influence. This is expected because the 
bandwidth of the bandpass filter is determined by SOGIk  as illustrated in Fig. 2.15.  
According to the simulation results of Figs. 3.15a-d, the presence of the network voltage 
harmonics may be the limiting factor for nω  and ς , when SRF-PLL or DDSRF-PLL is used. 
If DSOGI-FLL is used, SOGIk  may need to be limited. The lowest THD in the simulations is 
achieved, when SRF-PLL is used with parameters nω =2π*(5 Hz), ς =0.5, resulting THD 
of 1.19%. The highest THD value is 3.56%, when SRF-PLL is used with nω =2π*(50 Hz) 
and ς =1. The THD values are significantly influenced by the bandwidth of the reactive 
power controller, which is in operation during these simulations. For example, the THD 
values are 5.4% and 7.28%, if the controller gain is increased from 0.45 to 3 and the 
integration time is reduced from 40 ms to 20 ms. However, this study analyzes only 
synchronizing methods and the controller tuning is excluded from the scope of this work. 
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a)  b)  
c)  d)  
Fig. 3.15. Current THD under presence of voltage 5th-harmonics: a) SRF-PLL, b) DDSRF-PLL 
fω =2π50/4 c) DDSRF-PLL fω =2π50/√2, d) DSOGI-FLL. 
3.3.4 Overall performance and parameter sensitivity 
The simulation results show that the parameter selection is a trade-off between the speed 
of the operation and the harmonic content of the generated currents. The normalized 
harmonic integrals of first two cases and the normalized THD values of the third case are 
added together in order to find parameters, which would minimize the converter-current 
harmonics, when all cases are taken into account.  
The overall current harmonics increase as the SRF-PLL bandwidth increase as can be 
seen from Fig. 3.16a. Although the performance with high bandwidth is better during the 
symmetrical voltage dips and during the voltage recovery, the poor performance under the 
unsymmetrical voltage dips and under the presence of network-voltage harmonics may 
force to select low values for nω  and ς . This is important to notice because the 
unsymmetrical voltage dips are more common than symmetrical voltage dips. In this study, 
the lowest aggregated harmonic integral value for SRF-PLL is achieved using parameters 
nω  = 2π*5 and ς  = 0.5.  
In the case of DDSRF-PLL, there is no reason to limit nω  due to the performance during 
the unsymmetrical voltage dips. However, the performance under the presence of the 
voltage harmonics is identical to SRF-PLL. Thus, the performance decreases significantly, 
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if too high bandwidth is used. The lowest aggregate value for DDSRF-PLL is found with 
parameters nω = 2π*15, ς  = 0.5, fω = 2π*15/4.  
The lowest aggregate value for DSOGI-FLL is achieved by using parameters: SOGIk  = 0.5, 
Γ=387. It can be concluded that the best results obtained using DDSRF-PLL and DSOGI-
FLL are in great agreement with each other. 
a)  b)  
c)  d)  
Fig. 3.16.  Sum of normalized results: a) SRF-PLL, b) DDSRF-PLL fω =2π50/4 c) DDSRF-PLL 
fω =2π50/√2, d) DSOGI-FLL. 
 
3.3.5 Conclusion of investigation 2 
It is shown in Investigation 2 that the bandwidth of SRF-PLL needs to be limited due to the 
poor performance during the unbalanced grid faults and under the presence of grid-voltage 
harmonics. When DDSRF-PLL is used, the limiting factor of the PLL bandwidth is the 
harmonics. The performance of DSOGI-FLL is determined by the bandpass filter gain and 
bandwidth of the normalized FLL gain. The increase of the bandpass filter gain leads to 
deterioration of harmonic performance. However, the operation becomes faster especially 
if the normalized FLL gain is small. It is shown that the performance of DDSRF-PLL and 
DSOGI-FLL are in agreement with each other although DDSRF-PLL gives slightly faster 
responses. 
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The simulation results of this investigation show that the synchronization carried out by 
using DDSRF-PLL or DSOGI-FLL shows superior performance compared to the traditional 
SRF-PLL method during the grid voltage disturbances. The main reasons are the gain 
normalization and the canceling of the negative sequence component from the 
synchronization angle. 
The simulation results of this investigation give an indication on how the tuning parameter 
selection (ς , nω , fω , SOGIk , Γ ) of the synchronizing methods impacts on the wind turbine 
operation during the grid disturbances. However, the parameter selection should always 
be done by taking into account the customer specifications in practical cases, network 
parameters and the general level of the voltage harmonics on the point of connection. For 
example, if the network is strong or the harmonic level is small, it is possible to increase 
the bandwidth without significant influence on the power system operation due to the 
decreased current quality. Although this investigation considers only the impact of the 
tuning of the different synchronization methods, it should be kept in mind that the overall 
performance of the wind turbine during the grid faults are also affected by the tuning of the 
control system controllers. However, the tuning of the control system controllers is out of 
the scope of this thesis. This is reasonable, because tuning of controller in synchronization 
system and tuning of control system controllers are different tasks. The simulation results 
in this chapter can be considered as general results considering the synchronization part.   
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4. RTDS/dSPACE real-time simulation environment  
This chapter focuses on the real-time simulation environment constructed at TUT 
laboratory, which uses RTDS and dSPACE simulators. This chapter is organized as 
follows. The main features of the real-time environment are described in Section 4.1. The 
practical implementation of the real-time simulation environment for the FPC wind turbine 
concept, which uses PMSG, is presented in Section 4.2. In Section 4.3, the real-time 
simulation results during the three-phase short-circuit and automatic reclosing are 
compared to the simulation results obtained by using the identical model implemented in 
Matlab Simulink in order to verify the real-time model.  
The practical implementation of the real-time environment for the DFIG wind turbine model 
presented in Chapter 2 is described in Appendix E. The real-time model is used in analysis 
of the impact of the transient flux compensation control on the operation of DFIG during 
the symmetrical grid fault in Section 4.4. The DFIG operation during a voltage recovery is 
analyzed in Section 4.5. 
4.1 Features of real-time simulation environment 
The real-time simulation environment consists of a dSPACE controller board and RTDS. 
dSPACE is used to simulate the operation of the FPC wind turbine, which is modeled in 
Matlab Simulink. The dSPACE simulation is controlled by using ControlDesk software, 
which allows the management of the simulation by providing a virtual control panel with 
online parameter changing and signal supervision. RTDS is used to simulate the power 
system, which is modeled in Draft mode of RSCAD software. The Draft mode contains a 
library for power and control system component models. The online control and monitoring 
are performed in Runtime mode of RSCAD. Typical control actions of the RTDS simulation 
are the generation of symmetrical or unsymmetrical faults, the connection of heavy loads 
or the status changes of circuit breakers installed in the modeled network.  
The main benefits of the real-time simulation environment are the sharing of the 
computation power between two simulators and the decreased simulation time compared 
to the offline simulations carried out, for example, by using the Matlab Simulink or PSCAD 
simulators. In addition, the tuning of the control parameters and the testing of the control 
algorithms during the different grid conditions become easier and faster in the real-time 
environment. Furthermore, the use of real devices such as electric machines, electric 
loads or protection relays as a part of the tests is possible. The drawbacks of the 
67 
 
environment are the limited simulation model and time step of the individual simulators 
and costs of the real-time simulators.  
4.2 Practical implementation of real-time environment for FPC 
wind turbine 
The real-time model the FPC wind turbine is shown in Fig. 4.1. The mathematical 
background of the model is presented in Chapter 2, and the network model as well as the 
model parameters are presented in Appendix D, respectively.   
The LC part of the wind turbine filter is simulated in dSPACE and the network-side inductor 
is simulated by RTDS. dSPACE receives synchronizing-point voltages c)b,sync(a,u  and 
currents c)b,L2(a,i  from RTDS and sends the voltage over filter capacitor c)b,fC(a,u  into RTDS. 
As can be seen from Fig. 4.2, the data transmission between the simulators is performed 
by using analog signals. The output-voltage range of AD and DA cards in RTDS and 
dSPACE is ±10 V making the scaling of the transferred signals to be straightforward. Due 
to the interface selection between the two simulators, the wind turbine is modeled as a 
voltage source in RTDS. The simulation time steps used in RTDS and dSPACE are 50 μs 
and 100 μs, respectively.  
 
Fig. 4.1. FPC wind turbine real-time model. 
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Fig. 4.2. Practical implementation of real-time simulation environment for FPC wind turbine. 
4.3 Investigation 3: Verification of real-time environment 
In this investigation, the real-time model of the FPC wind turbine is verified against the 
corresponding Matlab Simulink model. In order to achieve accurate reference results, the 
simulation time step of Simulink model is set to 10 μs. Because of the longer step-sizes of 
the real-time simulators and the transfer of the measured signals between the simulators, 
there are delays in the real-time simulation. This delay is compensated by shifting the 
angle of the voltage vector fCu , which is fed from dSPACE to RTDS. The selected angle 
shift corresponds to the delay of 400 μs.  
The simulated wind speed is 12 m/s. The verification is done by simulating a three-phase 
fault occurring at the transformer primary at 419.954 s. The fault is cleared by the 
automatic reclosing after 300 ms from the beginning of the fault. The GSC current 
references are set to zero after 50 ms from the fault beginning. Hence, the wind turbine 
does not disturb the automatic reclosing sequence and the active power transfer into the 
DC-link is avoided. During the voltage recovery, the converter references are increased in 
a controlled manner.  
The verification simulation results are shown in Fig. 4.3, where the left-hand side and right-
hand side results are obtained from Simulink and RTDS/dSPACE, respectively. The 
synchronizing-point voltage A-phase drops to zero as a result of the voltage dip as shown 
in Figs. 4.3a-b. The converter currents, shown in Figs. 4.3c-d, increase to limit value after 
the voltage dip, because the DC-link voltage controller attempts to maintain the power 
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balance between the generated power and the power transferred into the grid. The 
instantaneous active power p transferred into the grid during the fault is zero due to the 
zero voltage in the transformer primary as can be seen from Figs. 4.3e-f. Therefore, all 
generated power during the first 50 ms after the fault is stored into the DC-link capacitors 
of the frequency converter. As a result, the DC-link voltage dcu , shown in Figs. 4.3g-h, 
increases and exceeds the braking chopper activation level (1300 V). As the GSC current 
references are set to zero, all the energy from the wind is stored into the rotating mass of 
the wind turbine rotor. Hence, the rotational speed tω , shown in Figs. 4.3i-j, increases and 
the acceleration continues as long as the mechanical torque of the rotor is greater than 
the electrical torque controlled by GSC. After the voltage recovery, the converter currents 
are increased in controlled manner back to original operation point. However, it can be 
seen that the converter current and instantaneous active power transients are greater in 
RTDS/dSPACE-environment. The transients in the converter current and in the 
instantaneous active power during the voltage recovery are presented in Figs. 4.3k-l and 
in Figs. 4.3m-n, respectively, with different time scale compared to other figures. It can be 
seen that the transient in converter current is approximately two times larger in 
RTDS/dSPACE than in Simulink. In addition, the transients in instantaneous active power 
in Simulink lasts less than 10 ms, while the transients in RTDS/dSPACE decays after 
approximately 20 ms.  
The simulation results obtained using the Simulink and RTDS/dSPACE environments are 
in agreement with each other during the steady state operation. The used delay 
compensation method is effective during steady state or during slowly varying operation. 
However, the voltage vector length changes rapidly during the transients and the time and 
magnitude of change are impossible to predict. Therefore, the transients in the converter 
currents and instantaneous active power are greater in the RTDS/dSPACE-environment. 
The delay between the real-time simulators decreases if the simulation step sizes 
decreases. However, due to the large size of the wind turbine and its control-system 
model, it was not possible to decrease the simulation step size of dSPACE.  
Another issue related to RTDS/dSPACE-environment is the asynchronous operation of 
the simulators. As the simulation time increases, the simulation steps of the simulators 
drifts with respect to each other. As a result, the delay is not constant. The impact of 
varying delay is not of significant importance to the simulation results. However, the 
varying delay is avoided by feeding an external interrupt signal from RTDS into dSPACE 
to synchronize the simulation steps of the simulators. This interrupt signal is used in the 
following real-time simulations of this thesis. 
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a) b)  
c) d)  
e) f)   
g) h)   
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i) j)  
k) l)  
n) m)  
Fig. 4.3. Transformer primary A-phase voltage: a) Simulink, b) RTDS/dSPACE; converter A-phase 
current: c) Simulink, d) RTDS/dSPACE; instantaneous active power p: e) Simulink, f) 
RTDS/dSPACE; DC-link voltage udc: g) Simulink, h) RTDS/dSPACE; Angular frequency 
of turbine ωt: i) Simulink, j) RTDS/dSPACE; transient of ia: k) Simulink, l) RTDS/dSPACE; 
transient of p: n) Simulink, m) RTDS/dSPACE. 
In spite of the delay, which misinterprets the simulation results during the transients, the 
advantages of the real-time environment became clear. It took 4 hours and 28 minutes in 
Simulink to simulate 430 seconds by using real-time environment. In addition, the 
significant benefit is the possibility to tune the control parameters of the PI-controllers 
online.  
R
PM
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4.3.1 Conclusion of Investigation 3 
It is shown that the RTDS/dSPACE simulation results are in sufficient agreement with 
Simulink results in a steady state mode of operation. The transients in the RTDS/dSPACE-
environment are greater and last longer because of the longer simulation step-sizes (100 
μs in dSPACE, 50 μs in RTDS and 10 μs in Simulink) and the delay (≈400 μs) between 
the simulators. In general, the simulation results show that the differences between the 
simulation environments are of no significant importance from the power system analysis 
point of view, because the transients in the RTDS/dSPACE environment lasts 
approximately one grid frequency cycle. However, when operation of power electronic 
devices during transients are investigated, the real time simulation environment cannot be 
considered truly reliable. With this environment, the capability of control system to limit 
currents through IGBTs, for example during voltage recovery, cannot be reliably studied. 
As a conclusion, it can be stated that the real-time simulation environment is almost as 
reliable environment for studies of the interactions between wind turbines and network as 
Simulink, which requires much more simulation time. With the real-time environment it is 
possible to test and improve control and protection functions of the wind turbine during 
different network disturbances with reasonable simulation time. 
4.4 Investigation 4: Operation of DFIG during symmetrical 
voltage dip and transient flux compensation control 
In this investigation, the operation of the DFIG wind turbine during the symmetrical voltage 
dip is analyzed. The purpose of this investigation is to show the impact of transient flux on 
the operation of the wind turbine. The DFIG and grid model in the real-time simulation 
environment are described in Appendix E. 
The stator flux oriented control system of DFIG is depicted in Fig. 2.7. The stator flux can 
be directly computed from the measured stator currents and voltages. [63, 128] However, 
the stator flux angle suffers from sudden changes during the grid voltage transients due to 
the steps in the grid voltage angle or continuous oscillations during the grid voltage 
unbalance due to the presence of negative sequence component. As a result, the 
frequency of RSC reference frame is not constant, which causes nonlinear behavior of the 
angle sfθ . In order to avoid this, the control system, in this thesis, is oriented to the positive 
sequence component of the stator flux by using frequency adaptive DSOGI-FLL. The use 
of DSOGI-FLL is beneficial also, because its outputs can be used to compute the transient 
flux for the transient flux compensation control. Thus, there is no need for external transient 
flux extraction schemes as presented in [55, 109]. Another benefit in using DSOGI-FLL is 
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the elimination of the need of bandpass filter in order to eliminate the DC offset of the 
integrals shown in Eqs. 2.38-2.39. For example in [128], the bandpass filter with cut-off 
frequencies 0.5Hz and 1 Hz needed to be used for this purpose. 
4.4.1 DFIG operation during symmetrical voltage dip 
In steady state operation, the three-phase stator voltages generate flux linkage to the 
generator stator, which rotates at stator voltage fundamental frequency. In addition, the 
magnitude of the stator flux linkage is proportional to the stator voltages. A symmetrical 
voltage dip in the stator terminals decreases instantaneously the magnitude of the rotating 
flux. However, according to the theorem of a constant flux linkage, the flux linkage of any 
closed circuit of finite resistance and electromotive force cannot change instantly. [129] 
Thus, the total stator flux linkage does not change due to the voltage dip even though the 
rotating part changes. The difference between the total stator flux linkage and the 
remaining rotating flux linkage is called natural or transient flux linkage, because it appears 
only during the voltage transients. The angular frequency of the transient flux is zero and 
it gets its maximum value in the beginning of the voltage dip. After the voltage dip, the 
transient flux decays depending on the WRIG inductance and resistance. 
Induced voltages to the WRIG rotor are proportional to the stator voltage, stator and rotor 
turns ratio as well as angular slip frequency. The slip frequency is defined as the difference 
between the angular frequency of the rotating air gap flux and the angular frequency of the 
generator rotor. Due to the zero frequency of the transient flux, the slip frequency increases 
to rotor frequency when transient flux appears. Therefore, the transient flux may induce 
higher voltages to the rotor circuit than RSC can generate from the available DC-link 
voltage. Hence, RSC cannot control the rotor currents anymore and the currents cannot 
be limited.  
4.4.2 Control and protection of DFIG during symmetrical voltage dip 
The wind turbine LVRT strategy used in this chapter contains the active crowbar protection 
and reactive power injection utilizing both NSC and RSC. The modified crowbar structure, 
which principle is illustrated in Fig. 4.4, is used, where the crowbar resistance is set to 0.4 
pu and 0.8 pu after the fault and after the voltage recovery, respectively. The crowbar is 
activated after the fault by closing the switch S1 if the rotor currents exceeds the crowbar 
trigger limit. After the rotor currents are decreased enough, S1 is opened again and RSC 
starts to overexcite the rotor windings, which causes capacitive reactive current flow to the 
grid for voltage support purposes. After the crowbar is deactivated during the fault, the 
crowbar resistance is increased by opening the switch S2. This leads to crowbar 
74 
 
resistance of (R1+R2) during the voltage recovery. The reason for this arrangement is 
discussed in Investigation 5. 
a) b)  
Fig. 4.4. Modified crowbar structure. 
The crowbar is activated if the measured rotor currents exceed the current capability of 
RSC, which is in this case 900 Arms (1270 Apeak). The control target of RSC is to fully 
prioritize the reactive power injection during the fault. Thus, the active current reference is 
set to zero during the fault. The reactive power injection of NSC is implemented so that 
the active current component *L1di  is prioritized in order to maintain the DC-link voltage at 
the reference value. In other words, the reactive current reference of NSC is the difference 
between current capacity of NSC (600 Arms) and the measured active current and it can be 
computed as follows 
( )  −= −= 2*L1d22*L1d2max*L1q A600*2 iiii  .             (4.1) 
 
4.4.3 Impact of transient flux during symmetrical voltage dip 
The three-phase voltage dip occurs in the high voltage network shown in Appendix E. The 
residual voltage during the fault is 20% of the nominal value. The fault begins at 5.151 s 
and lasts for 300 ms. The simulation results are shown in Fig. 4.5. The rotor voltages, 
shown in Fig. 4.5b, become distorted after the voltage dip. The frequency of the rotor 
voltages in rotor coordinate is proportional to the slip of the generator. The rotor voltage 
frequency prior to fault is negative sequence 10.5 Hz. However, 60.5 Hz component 
appears in the rotor voltages during the fault, which corresponds to the electrical frequency 
of the generator. Because the frequency of the rotor voltages is proportional to the slip, 
the 60.5 Hz rotor-voltage component can appear only if there is a non-rotating stator flux 
component. The non-rotating flux component is the transient flux, which is illustrated in Fig. 
4.5c in stator flux reference frame. Because the reference frame rotates with 50 Hz 
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frequency, the transient flux appears as negative sequence 50 Hz component in the stator 
flux reference frame, i.e. beta leads alpha.  
The increased rotor currents activate the crowbar protection after the fault. When the 
currents have decreased enough, the crowbar is deactivated and RSC is connected back 
in operation. As can be seen from Figs. 4.5d and e, the on-fault rotor and grid currents 
contain harmonics caused by the transient flux. The transient flux generates also the 50 
Hz component to the measured rotor current components sxi  and syi  as well as on the 
instantaneous reactive power, which is shown in Fig. 4.5f. In order to avoid repetitive 
crowbar activation during the fault due to the 50 Hz component in currents the reactive 
current reference need to be set to a lower value than the current capacity of RSC. In this 
case, the reference was set to 1070 Apeak while the current capacity value is 1270 Apeak. 
This means that the reactive current injection during the fault is not maximized. 
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a) b)   
c)  d)   
e)  f)  
Fig. 4.5. DFIG during symmetrical voltage dip: a) synchronizing point voltages, b) rotor voltages, 
c) transient flux, d) rotor currents and crowbar activation, e) synchronizing point currents, 
f) synchronizing point instantaneous reactive power.  
4.4.4 Transient flux compensation control 
The transient flux causes poor harmonic performance in addition to the limitation of the 
reactive power injection as shown in Section 4.4.3. In this section, the control system is 
modified in order to compensate the impact of the transient flux on the operation of DFIG 
during the symmetrical dip.  
The modified control system of RSC including the transient flux compensation control is 
shown in Fig. 4.6. DSOGI-FLL is used to separate the positive and negative sequence 
components from the flux. In case of the symmetrical voltage dip in a non-polluted network, 
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the negative sequence flux linkage −sψ  is zero and the transient flux linkage stfψ  can be 
given as follows 
+−+
−=−−=
sssssstf
ψψψψψψ .                   (4.2) 
A rotor flux linkage vector can be given as 
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LiLiL σψψψ +=−+=+= .          (4.3) 
The rotor flux linkage can be divided into sequence components as follows 
( ) ( )''''''''' rtfrrstf
s
m
rtfrrtfrrr
iiL
L
L
s
+++=+=++= +++−+ σψψψψψψψψ ,         (4.4) 
where 'r
+ψ  and 'r+i  correspond to positive sequence rotor flux and current, respectively. 
The 'rtfψ  and 'rtfi  are the transient flux and current terms, respectively, and 'r
−ψ  is the 
negative sequence flux, which is zero during the symmetrical voltage dip. The superscript 
‘ means that the measures are reduced to the stator. The purpose of the transient flux 
compensation control is to minimize the impact of the transient flux on the generator rotor. 
In other words, the aim is to control the transient flux on the rotor to zero 
0''' rtfrstf
s
m
rtf
=+= iL
L
L
σψψ .                    (4.5) 
The rotor current vector, which can be used to compensate the transient flux, can now be 
given as 
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i .             (4.6) 
In the proposed LVRT control strategy, the transient flux compensation control is prioritized 
during the fault. After deactivation of the crowbar and activation of RSC, the computed 
transient flux compensation current components yx,rtf,i  are set as the references for the 
current controllers. As the transient flux declines, the current needed to cancel the 
transient flux decreases. When the magnitude of the compensating current vector rtfi  is 
smaller than the current capacity of RSC, the surplus capacity can be utilized for the 
reactive current injection. In other words, the reactive current reference is the difference 
between the RSC current capacity and the transient flux compensating current reference. 
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The active current reference *ryi  is set to zero during the fault because the reactive power 
injection is prioritized. Hence, the current references during the voltage dip are 
xstf,
rs
m
xrtf, '
* ψ
σLNL
Li −= ,                      (4.7) 
ystf,
rs
m
yrtf, '
* ψ
σLNL
Li −= ,                      (4.8) 
( ) ( )2rtf2rmaxrx ** iii −= ,                     (4.9) 
0*ry =i ,                            (4.10) 
where rmaxi  is the current capacity of RSC and *rtfi  is the magnitude of the transient 
current vector. After the transient flux is canceled, the transient current is zero and the 
whole current capacity can be utilized for reactive current injection. 
 
Fig. 4.6. Control system of RSC with transient flux compensation control. 
Next, the same fault as in Section 4.4.3 is simulated with the active crowbar protection and 
the transient flux compensation control. The simulation results are shown in Fig. 4.7. The 
transient flux is effectively cleared after crowbar deactivation as shown in Fig. 4.7b. As a 
result, the 60.5 Hz component from the rotor voltages is removed and the rotor voltages, 
shown in Fig. 4.7c, as well as the rotor currents, presented in Fig. 4.7d, consist of only 
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positive sequence component. The RSC reactive current reference is now set to 1270 A 
instead of previous 1070 A without repetitive crowbar activation. Thus, the reactive power 
injection is maximized during the dip as can be seen from Fig. 4.7e, which is desirable 
from the grid codes point of view. Furthermore, the 50 Hz oscillating part in the 
instantaneous reactive power is removed. The grid currents, shown in Fig. 4.7f, contain 
only positive sequence component indicating improved power quality. Therefore, the 
synchronizing-point voltages, shown in Fig. 4.7a, consists of only fundamental frequency 
positive sequence component. It can be concluded that the transient flux compensation 
control enhances significantly the performance of DFIG during the symmetrical voltage dip. 
a)  b)  
c)  d)  
e)  f)  
Fig. 4.7. DFIG during symmetrical voltage dip with transient flux compensation control: a) 
synchronizing point voltages, b) transient flux, c) rotor voltages, d) rotor currents and 
crowbar activation, e) synchronizing point instantaneous reactive power, f) synchronizing 
point currents.  
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4.4.5 Conclusion of Investigation 4 
In Investigation 4, the impact of the transient flux compensation control on the operation 
of the DFIG wind turbine during the symmetrical voltage dip is analyzed. The investigation 
is carried out by using the RTDS/dSPACE real-time simulation environment.  
The synchronization of RSC is oriented to the positive sequence component of the stator 
flux linkage utilizing the frequency adaptive DSOGI-FLL analyzed in Section 2.3.4. The 
outputs of DSOGI-FLL, which are positive and negative sequence components of the 
stator flux linkage, enable the calculation of the transient flux. Based on the estimated 
transient flux, the compensation current references are generated. 
It is shown that the whole RSC current capacity can be utilized for the reactive power 
injection without a fear of repetitive crowbar activation during the symmetrical voltage dip, 
if the LVRT method including the transient flux compensation control is used. Thus, the 
reactive power injection is maximized. It can also be noticed that the transient flux 
compensation control enhances the quality of the generated currents during the dip.  
4.5 Investigation 5: DFIG crowbar protection during voltage 
recovery 
The DFIG grid-voltage recovery is rapid in simulations presented in Investigation 4. In this 
investigation, the operation of DFIG is analyzed when the traditional active crowbar 
structure, shown in Fig. 1.6b, is used instead of the modified structure shown in Fig. 4.4.  
When the crowbar is activated, DFIG operates like an induction generator with an 
increased rotor resistance and, possibly, with high value of slip. The impact of the crowbar 
resistance on the DFIG active and reactive powers is depicted in Fig. 4.8a. The lower the 
crowbar resistance is, the steeper are the slip versus active and reactive power curves. 
As a consequence, the absorbed reactive power during the voltage recovery is significant, 
if small resistance is used and the generator operates with high slip. This leads to high 
stator currents, which causes a voltage drop over the network impedances. Therefore, the 
stator terminal voltages may not recover to the level prior the fault. The voltage drop is 
proportional to the network impedance. Thus, the problems associated to the operation 
during the voltage recovery are more severe, when DFIG is connected to weak network. 
In addition, if there are number of DFIG wind turbines operating as a wind farm, the voltage 
drop becomes more significant due to the aggregated reactive current absorption of DFIGs. 
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The active and reactive powers of the induction generator are determined by the slip and 
the stator voltages as can be seen from Fig. 4.8b. The decreased terminal voltage during 
the voltage recovery decreases the generator peak active power and peak torque. The 
operation becomes unstable, if the pull-out slip is exceeded. In that case, the turbine needs 
to be tripped in order to prevent an excessive reactive power consumption of the generator, 
which may lead to a voltage collapse in the worst case. The tripping of the wind turbine 
means unsuccessful FRT, which is against the grid codes. The curves in Fig. 4.8 are 
attained using induction generator, which parameters are collected in Table 4.1. 
a) b)  
Fig. 4.8. a) Active and reactive power of the induction generator with respect to slip and stator 
terminal voltages, b) active and reactive power of the induction generator with respect to 
slip and crowbar resistance. 
 
Table 4.1. Induction generator parameters. [49] 
nS  = 1717 [MVA] nU  = 575 V sR = 0.0073 [pu] rR  = 0.0052 [pu] 
slL  = 0.1766 [pu] rlL  = 0.1610 [pu] mL  = 3 [pu]  
4.5.1 Voltage recovery with varying crowbar resistance  
The operation of DFIG during the identical fault compared to Investigation 4 is analyzed, 
when the crowbar resistance is selected to be 0.5 pu. Rotor currents, crowbar activation 
as well as synchronizing-point voltages and currents are shown in Fig. 4.9. Due to the low 
crowbar resistance, the appearing rotor currents, shown in Fig. 4.9a, are so high that the 
crowbar connection is prolonged. After more than 600 ms from the voltage recovery, the 
crowbar is deactivated. During the time of the crowbar activation, the reactive power to 
magnetize DFIG is taken from the grid. Thus, the post fault currents, shown in Fig. 4.9b, 
are high causing the voltage drop over the network impedance. This delays the voltage 
recovery as can be seen from Fig. 4.9c.  
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a)  b)  
c)  
Fig. 4.9. DFIG during three-phase fault with crowR  = 0.5 pu: a) rotor currents and crowbar 
activation, b) synchronizing-point currents, c) synchronizing-point voltages. 
The same fault is simulated with the crowbar resistance of 0.05 pu and the results are 
shown in Fig. 4.10. The slip reactive power curve is steeper compared to the previous 
case, which causes even higher reactive power absorption from the network. The post-
fault steady state currents reaches almost 6 kA RMS (4.2 pu) as can be seen from Fig. 
4.10b. The voltage recovery, shown in Fig. 4.10c, is delayed more than 3 seconds and the 
voltage magnitude decreases to 0.37 kV (0.54 pu). This kind of behavior of the wind 
turbines cannot be tolerated. Although the voltage stability is maintained even in this case, 
the connection of other induction generators or motors in the vicinity would decrease the 
voltage even more. This decreased voltage may lead to voltage collapse in the significant 
part of the nearby power system if the induction machines are not tripped.   
The reason for the fast voltage recovery in simulations, shown in Investigation 4, is the 
utilization of the different crowbar resistances during the fault and voltage recovery. When 
the increased crowbar resistance is used, the absorbed reactive power remains low and 
the impact of the increased slip decreases. The increased crowbar resistance increases 
the rotor voltages during the crowbar connection. Therefore, the resistance should be 
selected so that the rotor voltages during the voltage recovery do not damage the isolation 
of the rotor windings. Also, the resistance value should be kept low enough to prevent the 
rotor voltages to increase over the DC-link voltage of the converter in order to prevent the 
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damaging of the DC-link capacitor due to an overvoltage. However, the capacitor damage 
due to the overvoltage can be prevented also by using the braking chopper in the DC-link.  
a)  b)  
c)  
Fig. 4.10. DFIG during three-phase fault with crowR  = 0.05 pu: a) rotor currents and crowbar 
activation, b) synchronizing-point currents, c) synchronizing-point voltages. 
4.5.2 Conclusion of Investigation 5 
In Investigation 5, the impact of the active crowbar structure and the crowbar resistance 
on the operation of the DFIG wind turbine during the voltage recovery is analyzed. It is 
shown that the voltage recovery may be delayed, if small crowbar resistance, found in 
literature, is selected. This cannot be tolerated, because the delayed voltage recovery may 
escalate to a voltage collapse in a significant part of the power system, especially, if there 
are nearby located induction motor loads. This is the reason, why it is emphasized in [107] 
that the crowbar activation during the voltage recovery must be prevented. However, it 
was shown in Investigation 4, that the crowbar activation during the voltage recovery can 
be allowed without a delayed voltage recovery, if the modified crowbar structure is used. 
The modified crowbar structure utilizes different resistances during the fault and voltage 
recovery. The resistance during the voltage recovery should be selected as high as 
possible in order to minimize the reactive power consumption of the generator.  
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5. Laboratory test environment for wind turbine proto-
type 
In this chapter, the RTDS/dSPACE-environment is extended to a PHIL-environment, 
where FPC-based GE is controlled by RTDS and small-scale laboratory prototype of wind 
turbine is controlled by using dSPACE. The target is to analyze the performance of the 
inexpensive commercial voltage source converter, which is configured to operate as GE.  
The PHIL environment is described in Section 5.1 and the control system options of GE 
are depicted in Section 5.2, respectively. Closed-loop control systems are tuned by using 
the gain and phase margin measurements in Section 5.3. The performance of GE is 
analyzed by using frequency domain measurements in Section 5.4, and time domain 
measurements in Section 5.5. The future work related to the environment is discussed in 
Section 5.6.  
5.1 Experimental test setup 
A block diagram of the PHIL laboratory test environment for the wind-turbine prototype is 
shown in Fig. 5.1. A DC motor is used to emulate the operation of the wind turbine rotor 
by producing mechanical torque to rotor shaft. The operation of the DC motor is controlled 
by using a thyristor rectifier. Torque reference for the rectifier is obtained from the 
aerodynamic wind turbine model, which is simulated by dSPACE. The torque reference is 
computed on the basis of wind velocity and the measured rotational frequency of the rotor 
shaft.  
PMSG is used as a wind turbine generator. The operation of the generator is controlled by 
using a three-level three-wire rectifier based on IGBT switches. The simplified speed 
control system shown in Fig. 2.3a instead of torque control system, which is standard in 
industrial applications, is implemented in Simulink and executed by dSPACE. The aim of 
the control system is to optimize the tip speed ratio in order to maximize the power 
generation under different wind conditions. Wind turbine NSC is a three-level four-wire 
IGBT-based converter, which controls the DC-link voltage to 750 V. NSC control system 
is synchronized by using phase-locked loop method presented in 2.3.1. Both GSC and 
NSC are sized to 10 kVA. The hardware arrangement and parameters of the laboratory 
test setup are presented in Appendix F. 
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The power network model, shown in Fig. F.2, is simulated by RTDS. PCC currents are 
measured and transferred into RTDS simulation. Hence, the wind turbine is modeled as a 
current source in the RTDS model. GE generates the reference voltages *PCCu , which are 
obtained from RTDS simulation, to PCC of the prototype. The GE control system is 
implemented by using second dSPACE, which generates the duty cycles for the GE 
converter. The GE hardware consists of the converter, LC-filter and 400/400V isolation 
transformer. An active emulator NSC transfers the power generated by the wind turbine 
prototype back to the network.  
 
Fig. 5.1. Block diagram of the laboratory test setup.  
5.2 Control system of grid emulator 
A comparison of an open-loop control, closed-loop voltage control (V-control) and closed-
loop-cascaded voltage and current control (VC-control) of GE is carried out in this thesis. 
This section presents the control systems. 
The block diagram of the implementation of the open-loop-controlled GE is shown in Fig. 
5.2. The measured PCC currents are transferred into RTDS Giga-Transceiver Analogue 
Input card (GTAI) [130], low-pass filtered (LPF) and scaled. The LPF cut-off frequency is 
selected to be 700 Hz. The currents are scaled so that the 10 kVA prototype represents 
500 kVA wind turbine in the RTDS simulation. The Giga-Transceiver Analogue Output 
card (GTAO) [130] outputs are the PCC voltages, which are sent into dSPACE analog 
inputs. In the dSPACE model implemented in Simulink, the measured voltages are scaled 
so that the nominal line-to-line voltage of PCC is 690 ll−V . However, the nominal PCC 
voltage in the laboratory setup is 329 ll−V . The scaled voltages * abcPCC,u  are Park 
transformed in order to express the voltages in dq-axis components *PCC,dqu . The 
synchronous reference frame is oriented to the positive sequence component of the 
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RTDS-simulated reference voltage and the angle of the reference frame is provided by 
DSOGI-FLL. In the open-loop mode, *GE,dqu  correspond to the RTDS reference voltages 
and the inverse Park transformation is used to obtain the GE voltage references * abcGE,u . 
The aim of the feed forward term θΔ  is to take into account the phase shift caused by the 
delta/star transformer of GE. Space-vector pulse width modulation (SWPWM) [123] is 
used to generate the duty cycles abcduty  for GE, which are fed from dSPACE into GE 
hardware via optical signals. 
The control system block diagram of V-controlled GE is shown in Fig. 5.3. The PCC 
voltages abcPCC,u  are measured and low pass filtered with the cut-off frequency of 700 Hz. 
Because the control system is implemented in the synchronous reference frame, the 
measured voltages are Park transformed. The GE reference voltages * abcGE,u  are provided 
by the voltage control PI-controllers.  
The control system block diagram of VC-controlled GE is shown in Fig. 5.4. The control 
system contains fast inner loop for GE current control and slower outer loop for PCC 
voltage control. The measured currents are low pass filtered with the cut-off frequency of 
700 Hz.  
 
Fig. 5.2. Control system block diagram of open-loop-controlled GE.  
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Fig. 5.3. Control system block diagram of voltage-controlled GE.  
 
Fig. 5.4. Control system block diagram of voltage-current-controlled GE. 
5.3 Controller tuning 
The GE controllers are tuned by utilizing frequency response measurements. The 
measurements are carried out by using frequency analyzer by Venable Instruments. The 
measurement arrangement is depicted in Fig. 5.5. Variable frequency injections are added 
to the control reference, which are fed back to the frequency analyzer with the measured 
voltage. The analyzer calculates the gain and phase at the injection frequencies.  
In Sections 5.3.1 and 5.3.2, the closed-loop transfer functions *dd / uu  as well as 
*
qq / uu  
are measured. The injection is added only to the d-component control reference and the 
q-channel injection voltage qinj,u  is set to zero, when the transfer function 
*
dd / uu  is 
measured. On the contrary, the injection is added only to the q-component reference in 
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the measurement of *qq / uu . The open-loop transfer functions are calculated from the 
measured closed-loop transfer function in order to measure the gain margin (GM) and 
phase margin (PM). The PI-controller is tuned utilizing GM and PM. 
 
Fig. 5.5. Frequency response measurement with injection to dq-references.   
5.3.1 Wind turbine connected to RTDS grid 
The wind speed was set to nominal value 12 m/s during the measurements. When GE is 
operating in the voltage-control mode, the measured open and closed-loop transfer 
functions for d- and q-components are shown in Figs. 5.6a and b, respectively. The transfer 
functions in the voltage and current control mode are shown in Figs. 5.7a and b. The 
measured gain and phase margins as well as controller tuning parameters are given in 
Table 5.1. 
Table 5.1. Measured GM, PM and controller tuning parameters. 
 Control mode 
 Voltage control Voltage – current control 
 d-channel q-channel d-channel q-channel 
Gain margin 7.63 dB (at 792Hz) 9.34 dB (at 800Hz) 6.49 dB (at 795Hz) 7.79 dB (at 800Hz) 
Phase margin 101° (at 111Hz) 100° (at 107Hz) 82.2° (at 129Hz) 82.3° (at 127Hz) 
 Voltage controller Voltage controller Current controller 
Proportional gain k = 0.32 k = 0.2 k = 1.8 
Integrator time 
iT  = 0.0006 iT  = 0.0038 iT  = 0.0006 
According to [126], the reasonable values for GM and PM are 2-5 (= 2-6 in dBs) and 30-
60°, respectively. Based on the measured GM and PM, it can be concluded that the GE 
performance cannot be significantly improved by choosing different parameters in PI-
controllers without endangering the stability of the system. 
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a)  b)  
Fig. 5.6. Measured frequency response when prototype is connected to V-controlled GE.  
a) b)  
Fig. 5.7. Measured frequency response, when prototype is connected to VC-controlled GE.  
5.3.2 Resistive load connected to RTDS grid 
In frequency response measurements shown in Figs. 5.8 and 5.9, the wind turbine 
prototype is replaced by the resistive load. The controller parameters are kept the same. 
Voltage-controlled GE transfer functions *dd / uu  as well as 
*
qq / uu  are shown in Fig. 5.8. 
The transfer functions of voltage-current controlled GE are shown in Fig. 5.9. The 
measured voltage control gain and phase margins are given in Table 5.2. 
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Table 5.2. Measured GMs and PMs, when GE supplies resistive load. 
 Control mode 
 Voltage control Voltage – current control 
 d-channel q-channel d-channel q-channel 
Gain margin 9.57 dB (at 1080Hz) 11.9 dB (at 1100Hz) 8.09 dB (at 
1050Hz) 
10.5 dB (at 1070Hz) 
Phase margin 101° (at 106Hz) 103° (at 103Hz) 85.9° (at 133Hz) 83.5° (at 126Hz) 
a) b)  
Fig. 5.8. Measured frequency response, when resistive load is connected to V-controlled GE. 
a) b)  
Fig. 5.9. Measured frequency response, when resistive load is connected to VC-controlled GE.  
It can be noticed that the change of the hardware under test from the prototype to resistive 
load increases GM although the controller parameters are kept the same. Thus, it can be 
concluded that the tuning of the GE controllers is dependent also on the hardware, which 
is connected to GE. Hence, it is not possible to have optimally tuned GE with fixed 
controller parameters independent on the connected hardware. 
-40
-30
-20
-10
0
10
102 103
-720
-540
-360
-180
0
closed
open
Resistive load, V-control, d-channel
Bode Diagram
Gm = 9.57 dB (at 1080 Hz) ,  Pm = 101 deg (at 106 Hz)
Frequency  (Hz)
M
ag
ni
tu
de
 (d
B
)
Ph
as
e 
(d
eg
)
-40
-30
-20
-10
0
10
102 103
-540
-360
-180
0
180
closed
open
Resistive load, VC-control, d-channel
Bode Diagram
Gm = 8.09 dB (at 1050 Hz) ,  Pm = 85.9 deg (at 133 Hz)
Frequency  (Hz)
-40
-30
-20
-10
0
10
M
ag
ni
tu
de
 (d
B
)
102 103
-540
-360
-180
0
180
P
ha
se
 (d
eg
)
closed
open
Resistive load, VC-control, q-channel
Bode Diagram
Gm = 10.5 dB (at 1070 Hz) ,  Pm = 83.5 deg (at 126 Hz)
Frequency  (Hz)
91 
 
5.4 Investigation 6: Performance of GE in frequency domain 
The performance of GE is analyzed in frequency domain in this investigation. The correct 
frequency response measurement of positive and negative sequence voltage components 
requires special measurement arrangement, which is analyzed in this investigation. Finally, 
the frequency responses of the sequence components are measured in cases, where GE 
supplies resistive load as well as wind turbine prototype.  
5.4.1 Sequence components in synchronous reference frame 
The operation of the power system is typically analyzed utilizing positive, negative and 
zero-sequence components. In this thesis, the performance of GE is assessed based on 
how well GE can generate the sequence components in different frequencies. Therefore, 
the frequency responses of the positive and negative sequence components are 
measured. The aim of this section is to reveal, how the sequence components appear in 
the synchronous reference frame oriented to the positive sequence voltage component. In 
addition, the frequency responses shown in Section 5.3, which are correctly measured to 
obtain the GM and PM values, are analyzed from the sequence components point of view.  
Three-phase voltage vector abcu , when positive or negative sequence nth-order 
component nu  is superimposed to the positive sequence voltage vector 1+u  at the 
fundamental frequency, can be expressed as [33] 
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where uˆ  denotes peak value of the phase voltage, n > 0 indicates the positive sequence 
component and n < 0 indicates the negative sequence component. The three-phase 
voltage vector can be expressed in stationary reference frame by 
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The voltage vector in the stationary reference frame can be transformed into the 
synchronous reference frame by 
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The control systems of GE are oriented to the positive sequence component of the network 
voltage. Thus, the d-axis voltage component represents the magnitude of the positive 
sequence voltage and ωt = θ’. Hence, Eq. (5.3) can be given by 
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Identities for the negative angles for sine and cosine can be given by 
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Following observations can be made based on (5.4) and (5.5) 
• Positive or negative sequence thn -order component (n ≠ 1) generates oscillating 
component to both d- and q-channel voltage components 
• The frequency of oscillating component is (n – 1)ω 
• The d-axis component leads q-axis component with 90 degrees if (n - 1) > 0 
• The q-axis component leads d-axis component with 90 degrees if (n - 1) < 0 
In the closed-loop frequency responses in Figs. 5.6 - 5.9, the injection voltage is set either 
to d- or q-axis and the other axis injection voltage is set to zero. The frequency responses 
do not represent the frequency responses of the sequence components, because the 
oscillations should appear in both d- and q-axis components according to (5.4). In the 
following, the frequency responses in Figs. 5.6 - 5.9 are analyzed with the help of an 
illustrative example. 
Eq. (5.4) can be expressed as follows, if n is set to 3 
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In order to remove the oscillating part from the voltage q-axis component the fundamental-
frequency negative-sequence component needs to be added to (5.6). Thus, 
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If uˆ 3 = uˆ -1 and taking (5.5) into account, the following is obtained 
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Eq. (5.8) represents the frequency response measurements shown in Figs. 5.6a - 5.9a at 
a point, where d-axis injection voltage frequency is 100 Hz (n = 2). In this situation, the 
symmetrical components rotating with 150 Hz and -50 Hz can be measured from the three-
phase voltages. The magnitudes of both of the voltages are half the injection voltage.  
Based on the discussion above, it can be concluded that the closed-loop frequency 
responses presented in Section 5.3 cannot be used to evaluate the GE performance to 
generate sequence components at different frequencies. Because the target in this study 
is to measure the frequency responses of the positive and negative sequence components, 
a new measurement method needs to be invented. One alternative is to generate 90 and 
-90 degrees phase shifter to injection voltages as indicated by (5.4). However, the injection 
added to the voltage control reference does not generate AC voltage components at the 
injection frequency, because the synchronous reference frame is rotating with fundamental 
frequency. Other alternative is to generate three-phase injection voltages from the injection 
voltage of the frequency analyzer. In this thesis, the latter method is used and analyzed in 
Section 5.4.2. 
5.4.2 Measurement of sequence component frequency response  
The measurement arrangement of the positive-sequence frequency response is shown in 
Fig. 5.10. The injection voltage from the frequency analyzer is fed to SOGI-FLL, which is 
implemented in dSPACE. The purpose of SOGI-FLL is to measure the rotational frequency 
'
injω  of the injection voltage. The injection angle 
'
injθ  is obtained after integration of the 
frequency. 'injθ  is fed to inverse Park transformation. The peak value of the injection 
voltage is used as d-axis input and zero is fed to q-axis input of the transformation. The 
outputs of the inverse Park transformation are symmetrical three-phase voltages at the 
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injection frequency. The control reference of the phase voltage * aCTRL,PCC,u  and measured 
phase voltage aPCC,u  are fed to the frequency analyzer, which calculates the positive 
sequence frequency response.  
 
Fig. 5.10. Positive sequence frequency response measurement. 
The measurement arrangement of the negative-sequence frequency response is shown 
in Fig. 5.11. Again, the outputs of the inverse Park transformation are the positive-
sequence three-phase voltages. However, the injection voltage injb,u  is added to the 
control reference of the c-phase voltage * cPCC,u  and injc,u  is added to the control reference 
of the b-phase voltage * bPCC,u . The reference and measured values are fed to the 
frequency analyzer, which calculates the negative sequence frequency response. 
 
Fig. 5.11. Negative sequence frequency response measurement.  
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5.4.3 Performance of grid emulator 
The system response for the positive and negative sequence voltage components within 
the frequency range of 10 Hz – 1300 Hz are measured in order to assess the performance 
of GE. The frequency responses are measured in cases, where GE supplies resistive load 
and wind turbine prototype. This way the impact of the hardware connected to GE can be 
analyzed. The frequency response measurements are carried out, when GE is open-loop-
controlled, closed-loop V-controlled and closed-loop VC-controlled.  
5.4.3.1 Resistive load connected to RTDS grid 
The RTDS-controlled GE is set to supply resistive load. The measured open-loop-
controlled, closed-loop V-controlled and closed-loop VC-controlled frequency responses 
are shown in Figs. 5.12a, b and c, respectively. The controller parameters defined in 
Section 5.3 are used. The critical frequencies from the viewpoint of GE performance are 
the positive and negative sequence 50 Hz. If the gain and phase are zero at positive 
sequence 50 Hz, GE can generate symmetrical fundamental frequency reference voltages 
perfectly. The network voltage asymmetry can be accurately represented, if the gain and 
phase are zero at negative sequence 50 Hz frequency.   
In Fig. 5.12a, both the positive and negative sequence gains are approximately -0.5 dB at 
50 Hz point. Hence, the peak value of the measured positive sequence voltage is about 
15 V smaller than the peak value of the corresponding reference voltage. The positive and 
negative sequence gain remain close to 0 dB up to 300 Hz. The positive and negative 
sequence phase is close to zero up to 100 Hz after which the phase starts to decrease. 
The peak value of gain is 3.5 dB appearing at around 1 kHz.  
The measured positive sequence gain of V-controlled GE, shown in Fig. 5.12b, is 0.035 
dB at 50 Hz. Due to the closed-loop control of the voltages, the measured voltages 
correspond to the reference values accurately without noteworthy gain error. The 
measured phase at 50 Hz is 5°, which appears due to the low pass filters of the 
measurements. The negative-sequence gain and phase jump to zero near 50 Hz. This is 
an incorrect measurement result, which reveals the weakness of the used frequency 
response measurement arrangement. In this case, the frequency analyzer injects 50 Hz 
component, which is transformed into the negative-sequence injection by the 
measurement system. The analyzer measures the gain and phase at the injection 
frequency, which is 50 Hz. Due to the fact that the positive sequence voltage at 50 Hz is 
much greater (peak value at around 270 V) than the negative-sequence injection voltage 
(peak value 6 V), the gain and phase correspond to the positive-sequence measurement 
at 50 Hz. However, the correct gain and phase can be estimated from the values before 
96 
 
and after the 50 Hz point. Hence, it can be assumed that the gain and phase are 
approximately -2.5 dB and -37°, respectively. It can be seen from the frequency response 
that as the frequency increase the gain and phase decrease. However, like in the open-
loop case, there is a notch, which appears in this case at the frequency around 900 Hz. 
The peak value of the notch is -4.5 dB.  
The control-loop bandwidth is defined as the frequency, where the frequency response 
has declined 3 dB from 0 dB. [131] The bandwidth defined as above is not very useful 
measure of the accuracy of GE to generate the desired reference voltages. The frequency 
range, where the control system can generate the reference voltages without gain and 
phase errors, is a more relevant measure. However, the bandwidth gives indication on 
how fast the control system is able to generate the reference values during the voltage 
transients. In other words, the reference voltages after, for example, the symmetrical 
voltage dip can be executed faster as the bandwidth increases. The bandwidths of the 
positive and negative-sequence responses are approximately 165 Hz and 60 Hz, 
respectively.  
The measured positive-sequence gain and phase of the VC-controlled GE, shown in Fig. 
5.12c, are 0.035dB and 5°, respectively. As expected, the closed-loop control eliminates 
the steady state error from the positive sequence voltage at 50 Hz. The negative-sequence 
gain and phase are approximately -2 dB and -45°, respectively. The measured control 
system bandwidths for the positive and negative-sequence voltage controls are 220 Hz 
and 90 Hz, respectively. Again, there is a clear notch at around 900 Hz, where the peak 
value for the gain is -2 dB. 
In Fig. 5.12d, the Bode diagram of the impedance of the GE passive components is shown. 
The components are a filter inductor and capacitor as well as an isolation transformer. The 
impedance has been calculated from the nameplate values of the components. It can be 
seen from Fig. 5.12d that there should be parallel resonance at 1060 Hz. However, there 
is a ±15%-tolerance in the filter inductance according to the nameplate. Thus, the resonant 
frequency may also appear at 986 Hz in theory. The notch at open-loop frequency 
response is caused by the resonance of the passive reactive elements. The peak of the 
notch in the closed-loop frequency response is shifted compared to the open-loop case 
due to the impact of the controllers. 
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a) b)  
c) d)  
Fig. 5.12. Positive and negative sequence frequency response of GE connected to resistive load: 
a) open-loop mode, b) V-control mode, c) VC-control mode, d) Bode plot of GE 
impedance including isolation transformer. 
5.4.3.2 Wind turbine connected to RTDS grid 
The wind turbine prototype is connected to GE in the measurements of this section. The 
simulated wind speed is set to 12 m/s. The measured open-loop frequency response is 
shown in Fig. 5.13a. The positive and negative-sequence gains and phases are close to 
zero at low frequencies. It can be seen that the gains start to increase after the frequency 
of 150 Hz unlike in resistive load case, where the gain increases after 300 Hz. The positive 
sequence gain at 50 Hz point is 0.6 dB. This means that the peak value of the measured 
positive sequence voltage is around 20 V higher than the peak value of the reference 
voltages. The measured voltages are higher in this case due to the fact the direction of 
power and currents is reversed compared to the resistive load case. Therefore, the voltage 
drop over the impedance of the GE filter changes its polarity. The negative sequence gain 
and phase values at 50 Hz point are -0.7 dB and -11°, respectively. The highest gain in the 
open-loop response is 5 dB appearing approximately at 700 Hz, which is approximately 
300 Hz lower frequency than the corresponding frequency in the resistive load case. The 
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peak-gain frequency corresponds to the resonance frequency of the wind turbine filter as 
visible in Fig. 5.13b. 
The closed-loop V-control as well as VC-control frequency responses are shown in Figs. 
5.13c and d, respectively. The positive and negative-sequence gain and phase values at 
50 Hz by using V-control are 0.02 dB, 5°, -3 dB and -40°, respectively. The corresponding 
values for VC-control are 0.01 dB and 5°, 0 dB and -40°. The measured control system -3 
dB bandwidths for the positive and negative-sequences are approximately 168 Hz and 50 
Hz for V-controlled GE. The comparative VC-control bandwidths are approximately 220 
Hz and 100 Hz. Like in the open-loop case, the peak gain appears at around 700 Hz. If 
the gain of the control system is increased, the gain at this frequency would increase 
significantly and, at some point, the control system would become unstable. Thus, the 
main limitation considering the control system gain comes from the resonance at 700 Hz, 
which was not existent in the case, where the resistive load was connected to GE. 
a) b)  
c) d)  
Fig. 5.13. Positive and negative sequence frequency response of GE, which supplies the wind 
turbine prototype: a) open-loop mode, b) Bode of plot wind turbine filter impedance, c) 
V-control mode, d) VC-control mode. 
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These measurements show that the bandwidth of the closed-loop control system is mainly 
limited by the resonances of the passive reactive components installed in the laboratory 
setup. In the case, when the wind turbine prototype is connected to GE, the bandwidth 
and performance of the GE control system is limited by the passive components of the 
wind turbine prototype. Thus, it can be concluded that the performance of GE is dependent 
on the hardware connected to GE in addition to design of the emulator itself.  
5.4.4 Conclusion of investigation 6 
In Investigation 6, the performance of GE is analyzed in frequency domain. The target is 
to measure the frequency response of the positive and negative sequence grid voltage 
components of GE. By this way, the performance of GE can be assessed. It is shown that 
the frequency response of the sequence components of the grid voltage cannot be 
measured simply by injecting voltage perturbations to the emulator voltage references, 
which is correct measurement method when GM and PM are measured, because the 
voltage controller operates in the rotating reference frame. An important contribution of 
this investigation is the detailed presentation of the arrangement to measure the frequency 
response of the sequence components.  
The measurements of the sequence components are done in cases, where the resistive 
load and the wind turbine prototype is connected to GE. As the main contribution of these 
measurements, it is revealed that the bandwidth of the closed-loop control system of GE 
is mainly limited by the resonances created by the passive reactive components installed 
in the wind turbine prototype. Therefore, a generic conclusion is that the bandwidth may 
be limited due to the reactive components of the device connected to GE in addition to 
emulator design itself. This may not be recognized if GE performance is investigated only 
by using a pure resistive load as in [112]. In fact, the emulator may become unstable, if its 
control system is tuned using resistive load and then it is connected to supply other devices. 
5.5 Investigation 7: Time domain experiments 
In Investigation 7, GE is set to supply the wind turbine prototype and the performance of 
GE under symmetrical and unsymmetrical grid voltage dips is evaluated. The fault occurs 
in the RTDS simulated network shown in Appendix F. The wind speed is reduced from 12 
m/s used in earlier experiments to 11 m/s in order to avoid the significant increment of DC-
link voltage during the grid faults. The DC-link braking chopper is not implemented in the 
laboratory setup. 
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5.5.1 Symmetrical fault 
The reference phase voltages from RTDS and measured voltages from PCC, when GE 
operates in the open-loop mode are shown in Fig. 5.14. The fault occurs at 1.503 s and 
lasts 100 ms. Due to the fact that the PCC voltages are not closed-loop controlled, the 
measured voltages are higher than the reference voltages even under steady-state 
operation. This is caused by the wind turbine generated currents, which create a voltage 
drop over the impedance of the GE filter. Thus, the error between the reference and 
measured voltages would increase if the wind speed increases. The decrement in the wind 
speed causes opposite effect. Hence, it can be concluded that the open-loop controlled 
GE cannot execute correct PCC voltages independent on the operation point of the wind 
turbine, which is determined by the output currents of the wind turbine. The result was also 
visible in the positive sequence frequency response measurement, shown in Investigation 
6, where the gain and phase was not zero at 50 Hz.  
The reference and measured voltages are shown in Fig. 5.15a, when GE is operating in 
the closed-loop V-control mode. Corresponding results by using the closed-loop VC-
control mode are shown in Fig. 5.15b. The symmetrical fault lasts 100 ms in both cases 
and occurs at 1.62 s and 1.64 s under V-control and VC-control, respectively. It can be 
seen that the measured voltages correspond to the reference voltages accurately before 
and during the fault. In other words, the closed-loop control systems are able to generate 
the fundamental-frequency positive-sequence-voltage references accurately. This is 
expectable based on the frequency response results shown in Investigation 6. The high-
frequency transients in the reference voltages after the fault cannot be realized by GE, 
because control system bandwidths are finite. However, it takes approximately 5 ms or 
less from the measured voltages to accurately reach the reference values in both cases. 
It can be concluded from the results shown in Figs. 5.15b and c that the PHIL environment 
with closed-loop-controlled GE is accurate enough for the symmetrical LVRT studies and 
tests for the wind turbine. 
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Fig. 5.14. Reference phase voltages from RTDS and measured voltages during symmetrical 
fault in RTDS network, when GE is open-loop controlled. 
a) b)  
Fig. 5.15. Reference phase voltages from RTDS and measured voltages during symmetrical 
fault in RTDS network: a) closed-loop V-control, b) closed-loop VC-control.  
5.5.2 Unsymmetrical fault 
In this section, the operation of the PHIL test setup is investigated under the unsymmetrical 
grid fault. A single-phase-to-ground fault is propagated to two-phase voltage dip at PCC 
due to the delta/star transformer in the grid model. The RTDS reference voltages and 
measured voltages are shown in Fig. 5.16, when the GE is operating in the open-loop 
mode. The fault occurs at 1.47 s and lasts 100 ms.  
The measured voltages are greater than the reference voltages during the fault. The 
reason is the uncontrolled positive-sequence 50 Hz voltage component. Therefore, GE 
cannot follow the positive-sequence-voltage reference given by RTDS, if current is flowing 
through the components of the laboratory setup. It should be noted also from Fig. 5.13a  
that the negative sequence gain and phase at 50 Hz are not zero. Although the gain and 
phase are close to zero, the impact of the non-zero values is visible also in time-domain 
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results. The difference between aRTDSu  and ameasu  voltages is smaller than the difference 
between  bRTDSu  and bmeasu  due to the impact of the non-zero negative-sequence gain 
and phase at 50 Hz. 
 
Fig. 5.16. Reference phase voltages from RTDS and measured voltages during unsymmetrical 
fault in RTDS network, when GE is open-loop controlled. 
The reference and measured voltages are shown in Figs. 5.17a and b, when GE is 
operating in the closed-loop V-control and VC-control modes, respectively. The fault lasts 
100 ms in both cases and occurs at 1.57 s and 1.595 s under V-control and VC-control, 
respectively.  
It can be seen from Fig. 5.17a that ameasu  corresponds to aRTDSu  with very good accuracy 
during the fault. However, bmeasu  is clearly greater than its reference bRTDSu , while cmeasu  
is lower than cRTDSu . Thus, the unbalanced PCC voltage references cannot be executed 
precisely although the positive-sequence reference voltages can be realized accurately. 
The reason is that V-controlled GE cannot generate perfectly the reference of the negative-
sequence 50 Hz component as indicated by Fig. 5.13c.  
Similar conclusion as above can be made also in the case, where GE is closed-loop VC-
controlled. As shown in Fig. 5.13d, the positive and negative-sequence gains are 0 dB at 
50 Hz, which means that no gain error exists. However, the unbalanced PCC voltages 
cannot be realized perfectly during the fault due to the non-zero phase of the negative 
sequence voltage component at 50 Hz. 
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a) b)  
Fig. 5.17. Reference phase voltages from RTDS and measured voltages during asymmetrical 
fault in RTDS network: a) closed-loop V-control, b) closed-loop VC-control.  
5.5.3 Performance improvement of grid emulator 
It was shown in Investigation 6 that the control system bandwidth, and also the 
performance of GE, is limited by the resonance caused by the passive reactive 
components installed in the laboratory setup. More precisely, when the wind turbine 
prototype is connected to GE, the bandwidth is limited by the resonance caused by the 
filter components. According to mathematical calculation relying on the filter inductor and 
capacitor nameplate values, the resonance appears at 712 Hz. The frequency response 
measurements support this fact as well.  
In order to improve the performance of GE, the reference voltages from RTDS has been 
fed through the notch filter tuned to 746 Hz. The Bode diagram of the notch filter (NF) is 
shown in Fig. 5.18a. The filter transfer function can be given as 
( ) 72
72
10*199.24000
10*199.2sNF
++
+
=
ss
s .                  (5.9) 
The purpose of NF is to prevent the controller impact at the resonant frequency. In other 
words, when the resonant-frequency voltage-reference components from RTDS are 
blocked, the control system cannot amplify the components at that frequency. As a result, 
the control system can be tuned to have a wider bandwidth.  
The positive and negative sequence frequency responses of re-tuned V-controlled GE are 
shown in Fig. 5.18b. After the addition of NF, the control system proportional gain was 
increased from k=0.32 to k=0.57, while the integrator time was kept unchanged ( iT  = 
0.0006 s). The -3 dB bandwidth has increased significantly after the re-tuning of the voltage 
controller. The positive and negative-sequence bandwidths are approximately 700 Hz and 
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150 Hz, respectively. The negative-sequence gain is approximately -2 dB and the 
negative-sequence phase is approximately -30°.  
a) b)  
Fig. 5.18. a) Bode diagram of NF, b) positive and negative-sequence frequency responses of re-
tuned V-controlled GE.  
The reference and measured voltages during the symmetrical fault is shown in Fig. 5.19a, 
when GE operates with re-tuned controller parameters. The voltage references are 
realized accurately after 3 ms from the beginning of the voltage dip. However, although 
the negative-sequence gain and phase have moved closer to 0 dB compared to the original 
tuning parameter case, the unbalanced voltages cannot be perfectly executed due to the 
non-zero gain and phase of the negative-sequence-voltage component at 50 Hz. However, 
it should be noticed according to Fig. 5.19b that the error between reference and measured 
voltages is smaller compared to the case, where the originally tuned controllers were used 
in Fig. 5.17a. 
a) b)  
Fig. 5.19. Reference phase voltages from RTDS and measured voltages with tuned V-controlled 
GE: a) symmetrical fault, b) unsymmetrical fault.  
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5.5.4 Conclusion of Investigation 7 
In Investigation 7, the operation of open and closed-loop-controlled GE is studied under 
symmetrical and unsymmetrical grid faults. It is shown that closed-loop-controlled GE is 
able to generate the desired PCC voltages after symmetrical voltage dip in approximately 
5 ms. This operation is clearly fast enough if the objective is to test the performance of 
wind turbine control system under the fault. For example, the defined fault clearance times 
of Scottish, German, Australia and Spain fault ride through requirements are 140 ms, 150 
ms, 175 ms and 500 ms, respectively. [132] The drawback of open-loop-controlled GE is 
the lack of capability to execute the correct PCC positive-sequence voltages independent 
on the operation point of the wind turbine, which is normally determined by the wind 
conditions.  
The unsymmetrical voltage dips are not generated accurately by GE. The reason is that 
the control system bandwidth is not wide enough to execute the negative-sequence 50 Hz 
component without the gain and phase errors. The root cause of the limited bandwidth is 
the resonance of the passive reactive elements interlinked to the laboratory setup. Notch 
filter can be used to reduce the impact of the resonance on the control bandwidth. However, 
the fundamental-frequency negative-sequence gain and phase errors were not totally 
eliminated.  
Although the fundamental-frequency negative-sequence component cannot be perfectly 
generated with presented control method, the PHIL environment can be used to test the 
operation of the wind turbine control functionalities under asymmetrical network voltages. 
These functionalities can be for example a PCC voltage balancing or a positive-sequence 
reactive current injection.  
5.6 Future work related to laboratory test setup 
In order to improve the performance of GE in the future, the following aspects may be 
worth of considering.  
• As shown in Section 5.5.3, the impact of reactive-component resonance on the 
control system can be decreased by using an additional notch filter in the control 
system. In the scope of this study, the second order notch filter was used. However, 
it may be possible to improve the GE tuning if higher order notch filter is used.  
• The reactive components used in the PHIL test setup were not optimized 
specifically for this study. Based on the experience gained from this study, it may 
be possible to improve the performance of GE if the filter components of GE and 
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the wind turbine prototype components are selected so that the resonant 
frequencies would be higher.  
• The positive and negative-sequence voltage components can be obtained from 
RTDS reference voltages as well as from the measured voltages using DSOGI-
FLL. With these components, it would be possible to implement the control system 
to have closed-loop control for both positive and negative-sequence fundamental-
frequency components. By this way, the unsymmetrical network voltages could be 
generated accurately.  
• The control system of GE is implemented in a synchronous reference frame in the 
scope of this thesis. However, it would be reasonable to construct the control 
system in stationary reference frame by using resonant controllers. Because the 
resonant controller represents, in theory, an infinite gain at the positive and 
negative sequence fundamental frequency, it is probable that the operation of GE 
during unsymmetrical faults would improve. In addition, the resonant controllers 
could be added also to multiple frequencies. 
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6. Conclusion 
The amount of grid connected wind turbines has increased tremendously in recent years 
due to their environmental friendly energy source. A large penetration of installed wind 
turbines in many areas has forced power system operators to create grid codes for the 
operation of wind turbines during the grid disturbances in order to guarantee the stable 
operation of the power system. In other words, the wind turbines should comply similar 
requirements during the grid disturbances as demanded from traditional grid connected 
synchronous generators. The wind turbines should be able to remain in operation and 
control intelligently their active as well as reactive power during the grid disturbances. 
This thesis focuses on the control and operation of the DFIG and FPC wind turbine 
concepts during the grid disturbances. One of the main features of this thesis is the 
extensive utilization of real-time simulators in the research. Due to a tremendous number 
of open literature publications in the field of grid fault operation of the wind turbines, the 
scope of this thesis is restricted to following specific research areas: 
• Impact of FPC wind turbine synchronizing methods on the low voltage ride through 
capability. 
• Control and protection of a DFIG wind turbine during symmetrical voltage dips and 
voltage recovery. 
• Utilization of real-time simulation environment consisting of RTDS and dSPACE 
real-time simulators in the low voltage ride through studies. 
• Performance of extended real-time simulation environment including a wind 
turbine laboratory prototype and grid emulator. 
6.1 Final conclusions 
It is revealed in Investigation 1 that DDSRF-PLL may cause the wind turbine to generate 
undesired DC currents as a result of the symmetrical voltage dip. The problem is not easy 
to detect, because the unwanted operation occurs only if the loop filter gain of the SRF-
PLL part is high enough and the gain normalization is used. It is asserted in this thesis that 
it is obligatory to limit the loop filter output in order to avoid the DC-current generation. In 
addition, it is recommended to use the integrator anti-windup arrangement in the loop filter. 
It is shown in this thesis that with these countermeasures the wind turbine is able to ride 
through the symmetrical grid fault also with the DDSRF-PLL synchronization method. 
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A comparison and performance evaluation of NSC synchronization methods SRF-PLL, 
DDSRF-PLL and DSOGI-FLL is carried out in Investigation 2. The operation of the 
methods during the symmetrical and unsymmetrical voltage dips, voltage recovery and 
under the presence of grid voltage harmonics are taken into account in the comparison. 
The purpose is to investigate the impact of the tuning parameter selection on the overall 
performance of the synchronization methods. The quality the synchronizing methods is 
assessed based on how well the wind turbine can generate fundamental-frequency 
positive sequence currents during the grid disturbances.  
It can be concluded that performance of SRF-PLL is poor during the unbalanced grid faults 
and under the presence of grid voltage harmonics, if the SRF-PLL control bandwidth is 
high. The performance can be improved by decreasing the control bandwidth. However, 
this leads to slower response during symmetrical faults, which is undesired. DDSRF-PLL 
is not interfered by the voltage unbalance, but the operation under the harmonics is 
identical compared to SRF-PLL. In other words, the bandwidth may need to be limited if 
the wind turbine is connected to the polluted grid. The performance of DSOGI-FLL is 
determined by the bandpass filter gain and bandwidth of the normalized FLL gain. The 
increase of the bandpass filter gain leads to deterioration of harmonic performance. 
However, the operation becomes faster especially if the normalized FLL gain is small. It is 
shown that the performance of DDSRF-PLL and DSOGI-FLL are in great agreement with 
each other although their operations are based on phase and frequency locked loops, 
respectively. As a conclusion, the simulation results show that the synchronization to the 
positive-sequence voltage carried out by using DDSRF-PLL or DSOGI-FLL show a 
superior performance compared to the performance of traditional SRF-PLL. 
Wide scale utilization of real-time simulators is one of the main targets of this thesis. The 
unique real-time simulation environment consisting of RTDS and dSPACE real-time 
simulators has been constructed in TUT laboratory. The real-time environment provides 
significant benefits such as very short simulation time, possibility to share the computation 
power between two simulators and possibility to change control parameters during the 
simulation. Furthermore, it is possible to use real devices such as electric machines, 
electric loads or protection relays as a part of the simulations. The operation of the 
environment is verified against the offline simulation results realized by using Matlab 
Simulink in Investigation 3. It is shown that the simulation results between the real-time 
environment and Simulink are in sufficient agreement with each other during steady-state 
operation. However, greater transients appear in the real-time environment due to the 
longer simulation step size of the real-time simulators. Approximately 20 ms after the 
three-phase fault in the verification study, the operations of both simulation environments 
are in agreement with each other. Therefore, it can be concluded that the real-time 
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simulation environment is a reliable tool for studies considering the control functions of the 
grid connected wind turbines. However, when operation of power electronic devices during 
transients are investigated, the real time simulation environment cannot be considered 
truly reliable. 
Real-time simulation model is implemented also for the DFIG wind turbine. The influence 
of the transient flux and its compensation control on DFIG operation during the 
symmetrical voltage dip is analyzed in Investigation 4. The transient flux is computed with 
help of DSOGI-FLL. Based on the estimated transient flux, the current references to cancel 
the transient flux are generated. It is shown that the whole RSC current capacity can be 
utilized for reactive power injection with the transient flux control strategy. Therefore, the 
reactive current injection and capacitive reactive power generation can be maximized 
without a fear of repetitive crowbar activation. It can also be noticed that the transient flux 
compensation control enhances the quality of generated currents during the fault 
compared to the case, where the transient flux is not compensated in the control system 
of RSC. 
The operation of DFIG during voltage recovery is analyzed in Investigation 5. It is shown 
that the voltage recovery may be significantly delayed if too small crowbar resistance, 
proposed in some literature publications, is used. The delayed voltage recovery should be 
avoided, because it may lead even to the network voltage collapse, especially, if there are 
induction motor loads connected to the vicinity grid. It is proposed that the crowbar 
structure with different crowbar resistances during the fault and under the voltage recovery 
should be used. By this way, the impact of the crowbar activation during the voltage 
recovery, which is the root cause of the delayed voltage recovery, can be decreased.  
The laboratory test setup for a wind turbine prototype is constructed in TUT laboratory. 
The setup can be considered as an extended real-time simulation environment, because 
it utilizes RTDS and dSPACE simulators in addition to the low-power-scale prototype of 
the wind turbine. The PCC voltages for the prototype wind turbine are executed by GE 
based on the RTDS simulation. The performance of GE is analyzed in detail by using 
frequency and time domain measurements. The target of the research is to find out how 
well GE can generate the RTDS-given-reference voltages to the PCC of the prototype and 
what are the factors, which limits the bandwidth of the emulator voltage control. It is shown 
that in steady state, the open-loop-controlled GE cannot execute correctly the PCC 
voltages independent on the operation point of the wind turbine. However, the positive-
sequence fundamental-frequency voltages can be generated if GE is closed-loop 
controlled.  
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It is revealed in Investigation 6 that the frequency-response measurement of the grid-
voltage sequence components is not straightforward and requires a special measurement 
arrangement. It can also be seen from the frequency response measurements that the 
control bandwidth of GE is limited. The main limiting factors are the resonances of the 
passive reactive components, which are mainly converter filters, installed in the laboratory 
setup. It is also revealed that the tuning of the emulator voltage control loop is dependent 
on the reactive components associated to the connected device in addition to the emulator 
filter components. In other words, the optimal tuning of the emulator cannot be done in a 
situation, when the emulator supplies only resistive load. The impact of the resonance to 
the control bandwidth was decreased by using a notch filter in the resonant frequency in 
the control system. However, the fundamental-frequency negative-sequence gain and 
phase errors were not totally eliminated. Therefore, as analyzed in Investigation 7, the 
closed-loop-controlled emulator is not able to generate asymmetrical voltage dips perfectly 
in time domain. Nevertheless, the accuracy of the emulator is sufficient for the testing and 
verifying the operation of wind turbine control functions under the symmetrical and 
unsymmetrical voltage dips. These functions may include, for example, balancing of the 
PCC voltages or positive-sequence reactive-current injection during the fault.  
6.2 Future research topics 
The research carried out as a part of this thesis elucidated various questions that could be 
potential future research topics. 
• Asymmetrical operation of the wind turbines would be interesting subject from the 
research point of view although the grid codes do not typically require it. [33, 97] 
From the power system point of view, the wind turbine with this capability should 
not be seen only as a source of positive-sequence active and reactive currents 
anymore. As a matter of fact, the wind turbine would operate as an active power 
generating compensator (e.g. STATCOM) from the power system point of view. It 
is possible to implement this functionality to the control system of the wind turbine.  
• How wind turbine control system should be designed to actively detect the 
islanding of the power system? In other words, how the wind turbine should be 
controlled to force the network voltage or frequency outside the boundary settings 
of the islanding protection in the case of islanding of a radial feeder? This question 
is strongly related to the operation of the NSC synchronization system. The active 
islanding detection is a challenging task, because the islanding should be detected 
reliably and quickly without adverse impact to the generated power quality during 
111 
 
normal operation. In addition, the islanding detection should not be in conflict with 
the low voltage ride through. 
• Impact of reactive power support of the wind turbine during the fault and voltage 
recovery on the stability of nearby located induction machines. As explained in 
Section 4.5, the operation of induction motor during the voltage recovery is 
problematic because of the increased reactive power consumption. Can the 
reactive power support of wind turbines prevent the induction motor stalling during 
the voltage recovery? What is the impact of the network strength and motor loading? 
The PHIL environment introduced in Chapter 5 would be suitable environment for 
studies of this topic. 
• The inertia in the networks located, for example, in islands is typically small due to 
the small number of synchronous machines installed in the network. At the same 
time, the wind conditions may be good from the wind power generation point of 
view. Therefore, the wind turbines should be able to provide inertia to the small 
sized network. For example, the FPC wind turbine does not naturally counteract 
against the grid-voltage frequency changes. Thus, the capability of variable-speed 
wind turbine to generate artificial inertia would be important research subject.  
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Appendix A  
Torque control of GSC 
The standard generator torque controller can be expressed as 
2
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* ωKte =                          (A.1) 
where TK is given by 
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Here, pmaxc corresponds to maximum performance coefficient, optβ  is optimal blade 
pitch angle and *λ  is optimal tip speed ratio to extract maximum power from the wind. 
The angular acceleration of the generator rotor can be given as 
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where tt  is aerodynamic torque given by 
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Combining Eqs. (A.3) and (A.4) yields 
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Because the turbine inertia, rotor swept area, rotor radius, air density and rotor squared 
speed are always positive, the sing of the angular acceleration is dependent on the sign 
if the difference in (A.5). When tip speed ratio in given wind conditions is higher than the 
optimal tip speed ratio, the difference gives negative output and the generator speed 
decelerates. On the other hand, when the tip speed ratio is smaller than the optimal tip 
speed ratio, the generator starts to accelerate. This relation holds true as long as the tip 
speed ratio is higher than the certain minimum limit. In [133], the limit value for tip speed 
ratio is 3.3.  
  
Appendix B  
Parameter selection in Investigation 2 
In this Appendix, the mathematical background for parameter selection in Investigation 
2 is presented. It is shown how the normalized FLL gain is selected in order to obtain 
identical -3 dB bandwidths for FLL and PLL. In addition, it is expressed how the SOGI 
gain is selected to obtain similar transfer functions for DSOGI and the decoupling 
network used by DDSRF-PLL. 
Analysis of FLL and SRF-PLL  
The averaged dynamics of FLL near frequency locked state (ω’ ≈ ω) can be expressed 
as follows [33] 
( )ωω
ω
γ
ω −−= '
'
'
SOGI
2
k
U .                     (B.1) 
Taking into account the normalized FLL gain selection in (2.76), the transfer function of 
the frequency locking loop shown in Fig. B.1 can be given as 
Γ+
Γ
==
s
H
ω
ω '
FLL .                      (B.2) 
 
Fig. B.1. Linearized frequency locked loop with normalized FLL gain. 
The normalized form transfer function of linearized SRF-PLL (2.54) is represented in 
below for convenience 
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It can be seen from Fig. B.2a, that the -3 dB bandwidth of SRF-PLL and FLL is 64.5 rad/s 
when the tuning parameters are selected as follows: nω = 2π*5 Hz, ς  = 0.707 and Γ= 
64.5 rad/s. Thus, the x-axis in Investigation 3 consists of Γ values (64.5, 193, 387, 645), 
which are comparable to SRF-PLL nω  values (2π*5 Hz, 2π*15 Hz, 2π*30 Hz, 2π*50 Hz). 
  
However, it should be noted that the -3 dB bandwidths are not equal anymore, if the 
damping factor differs from 0.707 as can be seen from Fig. B.2b. 
a) b)  
Fig. B.2. a) Bode diagram of _FLLH  and ( )sHcl , b) Bode diagram of linearized SRF-PLL with 
different damping factors and with nω  = 2*π*5Hz. 
Analysis of decoupling network and DSOGI 
The transfer function from positive sequence voltage vector to the grid-voltage vector in 
the stationary reference frame using DSOGI was calculated in (2.72) and it is expressed 
in below for convenience 
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The transfer function of the decoupling network after conversion into the stationary 
reference frame can be given as [33]  
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where the ω’ is the frequency detected by the PLL.  
It can be seen from the equations (B.4) and (B.5) that the transfer functions of DSOGI 
and the decoupling network are similar, when the following selection for the SOGI gain 
is chosen 
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This means that the dynamic response of DSOGI and the decoupling network should be 
in agreement with each other. However, the response of DSOGI depends on the 
performance of FLL and the response of the decoupling network depends on the PLL 
performance. 
 
  
Appendix C  
Simulation parameters and network model in Investigations 1 and 2 
The wind turbine NSC and filter parameters are shown in Table C.1 and NSC control 
parameters are presented in Table C.2. The filter design is based on procedure depicted 
in [119]. Although the converter switching is not modeled, the design of the filter is based 
on the assumption of 3.6 kHz switching frequency. The filter resonance frequency resf  is 
1072 Hz. The network model consisting of two parallel feeders is shown in Fig. C.1. In 
both Investigations, the fault occurs at point Fault 2. The fault is cleared by opening the 
circuit breakers f21Cb  and f22Cb . The network model parameters are shown in Table C.3. 
Table C.1. Filter and NSC parameters. 
1L  = 300 μH 2L  = 83 μH 1R  = 2.4 mΩ 2R  = 1 mΩ fC  = 0.2 mF 
cfR  = 0.25 Ω *dcu  = 1100 V dcC  = 22mF dcR  = 2 Ω σTFL  = 90 μH 
 
Table C.2. NSC controller parameters. 
Controller Current DC-link Reactive power 
Gain 
ik  = 0.6 udck  = 4 qk  = -0.45 
Integrator time i_iT  = 3 ms i_udcT  = 25 ms i_qT  = 40 ms 
Sampling time s_iT  = 100 μs s_udcT  = 100 μs s_qT  = 100 μs 
Limitation 
Lmaxu  = 100 V L1dmaxi  = 900 A L1qmaxi  = 700 A 
 
Table C.3. Network model parameters. 
Grid parameters 
gV  = 114 kV gf  = 50 Hz gR  = 2.51 Ω gL = 0.02 H 
f11R  = 25.51 Ω f12R = 1.676 Ω f21R = 3.351 Ω f22R = 1.676 Ω 
f11L  = 0.157 H f12L = 0.0136 H f21L = 0.0272 H f22L  = 0.136 H 
Transformer parameters 
nTF1S  = 20 MVA nTF2S  = 16 MVA nTF3S  = 0.5 MVA 
TF1R  = 0.022 pu TF2R  = 0.021 pu TF3R  = 0.001 pu 
TF1L  = 0.00117 pu TF2L  = 0.00271 pu TF3L  = 0.03 pu 
TF1: 21 /UU  = 110/20 kV Y∆ TF2: 21 /UU  = 110/20 kV Y∆ TF3: 21 /UU  = 21/0.69 kV ∆Y
 
  
 
Fig. C.1. Network model used in Investigations 1 and 2. 
  
  
Appendix D   
Wind turbine parameters and grid model used in Investigation 3 
The network model used in the verification study is presented in Fig. D.1. The simple 
network model consists of the ideal wind turbine transformer, two wires, inductive-
resistive load and voltage source hidden behind the grid impedance. The wind turbine 
model is presented in Chapter 2 and the wind turbine parameters are shown in Table 
D.1. The network model parameters are depicted in Table D.2. 
 
Fig. D.1. Network model used in the verification study. 
 
Table D.1. Parameters wind turbine model.  
 parameter value  parameter value 
 air density  ρ  = 1,25 [kg/m3] rotor diameter  37 [m] 
permanent magnet flux 
linkage  
mψ  = 2.29 [Wb] pole pairs p = 6 
gearbox transmission ratio n = 10 PMSG power S = [500kVA] 
friction constant B =0.25 [Nms/rad] stator inductance 
dL  = 0.83 [mH] 
aggregated wind turbine 
inertia 
J = 15 [kNms2/rad] stator inductance qL  = 0.88 [mH] 
DC-link voltage 
dcu  = 1100 [V] filter inductance 1L  = 350 [µH] 
DC-link capacitor 
dcC  = 5 [mF] DC chopper resistance dcR  = 2 [Ω] 
resonant frequency 
resf  = 500 [Hz] filter capacitor fC  = 1.6 [mF] 
filter and transformer 
inductance 
σLL +2 = 108 
[µH] 
switching frequency 
swf  = 3000 [Hz] 
transformer ratio N = 29 damping resistance dampR = 50 [mΩ]
 
 
 
  
Table D.2. Parameters of the network model. 
parameter value parameter value 
grid voltage gridu  = 20000 [V] wire inductance wL  = 0.0117 [H] 
wire resistance 
wR  = 5.78 [Ω] wire capacitance wC  = 0.1 [µF] 
grid resistance gridR  = 5.78 [Ω] grid inductance gridL  = 0.0117 [H] 
load resistance 
loadR  = 361 [Ω] load inductance loadL  = 0.378 [H] 
 
 
  
Appendix E  
DFIG wind turbine in real-time simulation environment and network model for 
Investigations 4 and 5 
The practical implementation of the DFIG wind turbine model in the real-time simulation 
environment consisting of RTDS and dSPACE simulators is shown in Fig. E.1. Data 
transmission between the real-time simulators is done through analogue signals. 
dSPACE receives the stator voltages ( )cb,a,su  from RTDS and gives back the grid 
currents in two axis components ( )βα,gridi . Thus, the wind turbine is modeled as a current 
source in RTDS. The interrupt signal int is used to synchronize the computation step 
times of the simulators. dSPACE and RTDS operate with simulation step sizes of 100 μs 
and 50 μs, respectively.  
The grid model is presented in Fig. E.2 and the model parameters are collected in Table 
E.1. The induction generator, frequency converter and filter models are presented in 
Chapter 2 and the equivalent circuit of DFIG is shown in Fig. E.3. The parameters of 
DFIG, RSC and NSC are gathered to Tables E.2, E.3 and E.4, respectively. 
 
Fig. E.1. Practical implementation of real-time simulation environment for DFIG wind turbine. 
 
  
 
Fig. E.2. Network model used in real-time simulations in Investigations 4 and 5.  
 
Fig. E.3. Equivalent circuit of DFIG.  
 
 
 
 
 
  
Table E.1. Parameters of network model. 
Network  
gu  = 110.4 kV f = 50 Hz +gZ  = 48 Ω +∠ gZ  = 65.8 ° 
Transformer 110 / 21 kV YY 
S = 16 MVA σL  = 0.103pu No load losses = 0.006 pu 
Load impedance 
1R  = 3992 Ω 1L  = 3.6398 H 2R  = 2481 Ω 2L  = 2.254 H 
3R  = 6316 Ω 3L  = 5.7226 H 4R  = 10967 Ω 4L  = 9.909 H 
Wire 1_1 
w1R  = 3.33 Ω  lw1X  = 3.27 Ω cw1B  = 0.04 mS 
Wire 1_2 
w2R  = 5.31 Ω lw2X  = 3.48 Ω cw2B  = 0.031 mS 
Wire 1_3 
w3R  = 7.5 Ω lw3X  = 2.51 Ω cw3B  = 0.019 mS 
Wire 1_4 
w4R  = 10.49 Ω lw4X  = 3.7 Ω cw4B  = 0.028 mS 
Transformer 21 / 0.69 kV YD 
S = 1.75 MVA σL  = 0.06 pu No load losses = 0.01 pu 
 
Table E.2. Parameters of DFIG. 
Turbine R = 38 m gearn  = 100 J = 500 kgm2  
Generator 
nP  = 1700 kW llu  = 690 V p = 2 sr / NN  = 2.73 
 
slL  = 89 µH rlL  = 92 µH sR  = 2.7 mΩ rR = 2.7 mΩ 
 
mL  = 3.8 mH    
Filter 
f1L  = 190 µH f2L  = 125 µH f1R  = 15 mΩ f2R  = 5 mΩ 
 
fC  = 70 µF    
Converter *
dcu  = 1100V dcC  = 22 mF dcR  = 1.25 Ω  
 
Table E.3. Control parameters of RSC. 
Controller Current Torque Speed Reactive power 
Gain 
ik  = 1.67 tk  = -0.1 wk  = 300 qk  = -0.5 
Integrator time i_iT  = 8 ms i_tT  = 50 ms i_wT  = 5 s i_qT  = 25 ms 
Sampling time s_iT  = 100 μs s_tT  = 100 μs s_wT  = 5 ms s_qT  = 100 μs 
 
  
 
Table E.4. Control parameters of NSC. 
Controller Current DC-link 
Gain 
ik  = 0.7 udck = 4 
Integrator time i_iT  = 8 ms i_udcT  = 41 ms 
Sampling time s_iT  = 100 μs s_udcT  = 100 μs 
  
Appendix F  
Power hardware-in-the-loop environment 
The hardware arrangement of the PHIL laboratory test setup analyzed in Investigations 
6 and 7 is depicted in Fig. F.1. The wind turbine prototype parameters are collected in 
Table F.1. The isolation transformer, grid emulator as well as network model parameters 
are depicted in Tables F.2, F.3 and F.4, respectively. The RTDS network model is 
presented in Fig. F.2. 
 
Fig. F.1. Hardware arrangement of the PHIL laboratory test setup. 
 
Fig. F.2. Network model.  
 
 
 
 
Thyristor rectifier DC-motor 
Generator DC linkWind turbine frequency 
converter 
Transformer
RTDS dSPACEs controlling 
wind turbine and grid 
emulator 
PCs controlling dSPACEs 
PC controlling RTDS 
Grid emulator
Grid side converter
  
Table F.1. Wind turbine prototype parameters. 
Generator 
p = 12 (pole pairs) J = 17 kgm2 
nn  = 117 rpm nT  = 1800 Nm 
sR  = 0.22 Ω qd LL =  = 9.2 mH Ψ = 1.2 Wb  
Generator-side converter 
nS  = 10 kVA swf  = 10 kHz +dcC  = 1.1 mF −dcC  = 1.1 mF 
Network-side converter 
nS  = 10 kVA swf  = 10 kHz +dcC  = 1.1 mF −dcC  = 1.1 mF 
DC-link voltage = 750V 
Wind turbine prototype filter 
1L  = 5 mH 2L  = 0.6 mH fC  = 10 μF dampR  = 18 Ω (parallel with 2L ) 
 
Table F.2. Isolation transformer parameters. 
nS = 50 kVA nf  = 50 Hz 21 /UU  = 400 V / 400 V 
σL  = 0.021 pu R = 0.043 pu mL  = 32.4 pu 
 
Table F.3. Grid emulator and NSC parameters. 
Grid emulator 
swf = 10 kHz nS = 10 kVA dcU  = 650 V 
Network-side converter 
swf = 3.6 kHz nS = 10 kVA dcU  = 650 V 
Grid emulator filter 
1L = 2.3 mH fC = 10 μF dampR = 2.5 Ω (series with capacitor) 
 
Table F.4. Network model parameters. 
Transformer 1 (TF 1) 
nS = 16 MVA 21 /UU = 110 / 20 kV σL = 0.109 pu No load losses = 0.00336pu 
Transformer 2 (TF 2) 
nS = 0.6 MVA 21 /UU = 21 / 0.69 kV σL = 0.066 pu No load losses = 0.0005pu 
Network impedance 
gL  = 0.1787 H gR  = 21.19 Ω 
wL  = 0.041 H wR = 5.03 Ω 
Wire 
rwR  = 2.7 Ω  lwX  = 1.9 Ω cwB  = 0.015 mS 
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